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Abstract 
Platelets are small but critical constituents of blood; whose role is to promote 
coagulation and form clots that stop bleeding after damage to blood vessels. The 
protein von Willebrand Factor (vWF) facilitates the attachment of platelets to the site 
of injury by binding to exposed collagen in the vessel wall and its availability and 
function are essential. Conditions such as von Willebrand Disease (vWD) affect 1 in 
100 people and occurs when vWF function is compromised. Unfortunately, many who 
have the condition are unaware of the associated bleeding risk and so there is a need 
for diagnostic tests that reflect the in vivo physiology of vWF-platelet interactions.   
 A recent advancement in this regard, has been the development of a Dynamic 
Platelet Function Assay (DPFA) by the Royal College of Surgeons in Ireland (RSCI). 
This device comprises a simple microfluidic flow chamber in which a surface doped 
with immobilised vWF is used to challenge fluorescently labelled platelets in whole 
blood perfused over it at arterial shear rates (1500 s-1). However, as this surface uses 
endogenous vWF it does not truly represent the in vivo circumstances.  
 Hence, the research presented here addresses refinement of the properties of a 
synthetic surface that can directly entrap vWF from flowing blood in a way that 
supports the requirement for it to uncoil under adequate shear force to make available 
platelet sites. Results obtained demonstrate how substrates designed show positive 
platelet interaction across all blood groups and dynamic analysis shows similar values 
for polymer surfaces in comparison to the endogenous surface. That created with +750 
PS microspheres/ml in air has been shown to produce the highest platelet coverage 
(40.20 ± 13.30%) and is found to have a topography comprising nanoscale features 
(height: ±130 nm, FWHM <1 µm). Consequently, understanding of autologous 
vi 
vWF/platelet interactions on synthetic surfaces has been significantly advanced by this 
work and moves DPFA testing closer to a simple and accurate diagnosis of vWD and 
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1. Introduction  
 Overview 
Blood is a non-Newtonian fluid that plays an essential role in regulating the body’s 
internal systems by providing nutrients and oxygen to its cells, whilst also helping to 
remove the waste products associated with metabolism and digestive processes1. It 
primarily comprises red blood cells (erythrocytes), white blood cells (leukocytes) and 
platelets (thrombocytes) suspended in an aqueous fluid called plasma1. Other 
important components of blood are albumin, clotting factors such as von Willebrand 
Factor (vWF), antibodies and electrolytes. 
 Platelets are small cells with dimensions spanning 2-4 µm in diameter2 and 
constitute a very small contribution to the cells in blood. Platelets are present in the 
range of 150,000 to 450,000 per microlitre of blood3. These important constituents of 
blood are essential for haemostasis, i.e. the body’s response to the injury of blood 
vessels and subsequent bleeding, whereby a vascular thrombus or blood clot is formed 
to halt bleeding from a site of injury. In a damaged vessel wall, the endothelial cells 
are compromised and the subendothelial matrix is exposed4. Components such as 
collagen and fibrous tissue are recognised by vWF in flowing blood, which as 
indicated above, is the key plasma protein associated with clotting. Once vWF has 
adhered to the exposed matrix, primarily collagen, it uncoils under the shear conditions 
associated with arterial blood flow to expose domains that can bind to a protein 
complex made up of glycoprotein (GP) Ib, IX and V on the surface of circulating 
platelets. When in close contact with vWF, the platelets bound are activated to release 
adhesive lipoproteins and growth factors and that leads to aggregation which causes a 
clot, or thrombus, to form. Subsequently, a series of coagulation substances are 
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released by the agglomerated platelets which facilitate the stabilisation of the blood 
clot and the arrest of bleeding.  
 Clearly, the presence of an adequate amount of vWF is essential for the 
effective outcomes of haemostasis to the accomplished. This important glycoprotein 
circulates in low concentrations in blood plasma having been formed by bone marrow 
cells and by the endothelial cells on the inner lumen of blood vessels5. Its function is 
regulated by the enzyme ADAMTS13 such that when the protein unfolds, cleavage 
sites for the enzyme are also exposed which leads to its being cut into fragments that 
do not bind and/or activate platelets.  
Von Willebrand Disease (vWD) is a condition whereby there is a deficiency 
in vWF; be that quantitative or qualitative6. This causes a malfunction in the 
haemostatic mechanism which can lead to excessive bleeding. vWD is known to affect 
1% of the population and thus defines the motivation for this research7. There are more 
than 300 mutations in the gene that codes for vWF and that can then lead to vWD. 
Although many gene mutations cause only slightly reduced levels of vWF, some cause 
major reductions that can result in severe forms of the disease. Given the critical role 
of vWF in mediating thrombosis and the occurrence of conditions such as vWD, there 
is a clear need for a blood-based diagnostic test platform. Although, molecular genetic 
testing for vWD and its type (Type 2, Type 3, etc.) can be carried out, it is only 
indicated when the condition is confirmed via vWF and/or platelet activity assays.  
There are two main approaches to vWF testing, (1) vWF-antigen expression 
which measures the amount of the protein in a blood sample and (2) vWF activity 
determination, also referred to as Ristocetin Cofactor (vWF:RCo), which determines 
the scale of protein-platelet interactions as a function of vWF availability. Several 
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other tests may be associated with vWF diagnosis including factor VIII binding assay; 
collagen binding activity assay; vWF propeptide to antigen ratio or multimeric 
analysis (determination of vWF multimer size distribution).  
 Platelet function testing (PFT) is commonly carried out by light transmission 
aggregometry (LTA), whereby light transmission is measured through a platelet 
suspension whilst an agonist, such as the antibiotic Ristocetin, is added to deliberately 
activate them. This approach to platelet function analysis is also the basis of the 
vWF:RCo assay for vWF. A major limitation of such PFT assays is that they occur 
under static blood conditions which means that they are not physiologically accurate. 
Specifically, they do not take account of vWF interactions occurring in flowing blow 
under the conditions of arterial shear stress, i.e. the force created by the tangential drag 
that is produced when blood moves across the inner lumen wall of a blood vessel. The 
magnitude of this force is proportional to blood viscosity and inversely proportional 
to the vessel radius cubed8 with arterial blood flow, normally taken as 1500 s-1. 
 As a response to providing a more physiologically representative platelet assay 
and by association, measuring the value of available vWF, there has been much 
interest in assays involving dynamic blood flow. Creation of microfluidic flow 
chambers that can mimic the environment of a blood vessel wall have provided an 
opportunity to enhance platelet (and vWF) assays, by introduction of conditions that 
are closer to the in vivo situation. Other potential advantages of this approach include 
the use of low sample volumes and the ability to monitor platelet behaviour in real 
time9. In particular, parallel-plate flow chambers are highly attractive for the 
application of platelet testing, as studies of blood fluid dynamics show that under 
arterial shear conditions, the red blood cells migrate to the centre of the vessel while 
platelets are pushed to the outer perimeter, as is the case in normal blood vessels. 
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Therefore, if blood is perfused across the surface of the sensor component of such a 
device under arterial shear conditions such that vWF adheres to the features thereon 
and uncoils, platelets should then recognise the protein such that their interactions can 
be measured in real time using a suitable high resolution microscopy measurement 
system. The dynamic platelet function assay (DPFA) developed by researchers at the 
Royal College of Surgeons in Ireland (RSCI), Dublin, Ireland is an example of such a 
parallel-plate flow chamber assembly whereby the contacting diagnostic sensor 
surface is coated with immobilised human endogenous vWF protein10–12. 
Fluorescently labelled platelets in whole blood can be perfused over this surface under 
arterial flow conditions and platelet interactions with the protein measured by 
fluorescent microscopy. Therefore, this form of platelet function assay takes into 
consideration the flow conditions and real time monitoring, advancing physiological 
relevance. However, in this configuration there is still a lack of patient specificity in 
relation to vWF-platelet interaction from the same patient blood sample.  
Hence, the work presented in this thesis addresses the development of a 
synthetic diagnostic sensor surface that can entrap autologous vWF and measure the 
activity of fluorescently labelled platelets from the same single, whole blood sample 
using the DPFA assembly. In this way, it advances the delivery of a truly 
physiologically in vivo relevant assay of platelet and vWF function. In doing so, it 
seeks to align with the current state of the art for the DPFA by adhering as closely as 
possible to the standardisation of the use of microfluidic flow chambers as determined 
by the International Society on Thrombosis (ISTH)13, whereby the type of perfusion 
chamber, type of blood used and coating on the surfaces are kept constant to avoid as 
far as possible these being sources of variation. The guidelines note that an optimum 
flow chamber for platelet function assessment should take into consideration; 
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▪ Multiple shear rates 
▪ Use of untreated whole blood 
▪ Real-time monitoring of platelet activity 
▪ Single-pass, small-capacity flow device 
▪ Controlled collagen coating  
The RSCI-DPFA system used in this work provides for the first four of the ISTH 
requirements as noted above, when used with the immobilised human endogenous 
vWF protein sensor surface. The use of the synthetic surface that entraps vWF and 
allows for the measurement of platelet function thereon, then substitutes for a 
controlled collagen coating. This replacement surface is created by spin coating a 
polystyrene (PS) / poly (methyl methacrylate) (PMMA) solution onto a glass substrate. 
The polymer demixed film that results is capable of producing a surface chemistry and 
microstructure that is known to interact with platelets. It is the topographical features 
that are caused by the partially immiscible PS moving through the highly soluble 
PMMA during the spin coating procedure that are associated with these events. 
Whereas, studies to date have confirmed that PS/PMMA polymer demixed surfaces 
have potential as a synthetic DPFA sensor14,15, there are still many issues (such as 
repeatability) with its clinical utility, particularly as a test for vWD. It is therefore the 
refinement of these types of biomaterial surfaces that forms the basis of the work 
presented here and more specifically the provision of a reproducible surface that 
allows for the reliable quantification of physiologically relevant platelet function. 
 Synthetic polymers are a class of biomaterials that are used extensively for 
biomedical applications due to a well-defined composition and the possibility to tailor 
their chemical properties. Spin coating of the PS/PMMA polymer demixed thin films 
onto glass substrates offers a fast, low cost means for the fabrication16 of a DPFA 
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sensor surface to monitor real time entrapment of vWF and platelet interactions. As 
indicated, it is expected that these polymeric thin films will meet most of the ISTH 
guidelines mentioned above, including the use of their surface topography as 
alternative to the inclusion of collagen as part of the substrate. This approach avoids 
issues associated with the quality of many types of collagen and need for relatively 
aggressive acid-based preparation which is needed to create a suitable coating on the 
DPFA sensor surface. Previous studies have shown that an acid suspension of collagen 
may cause deterioration of the substrate on which it is coated17.  
The interactions which take place between a polymeric biomaterial and a 
biological system such as blood, are known to be influenced by a combination of 
surface chemistry and topography. Hence, a detailed understanding of how these 
characteristics influence vWF and subsequent platelet adhesion is crucial. Moreover, 
there is a requirement for these interactions to accurately reflect clinically relevant 
changes in these key blood components which requires that the sensor surface be stable 
and highly reproducible. In this regard, a stable PMMA surface chemistry and 
PS/PMMA topography that is predominantly made up of well-defined nanoscale 
features are needed to attain a test environment that most effectively represents 
physiological in vivo conditions. Previous research has gone some way to achieving 
these conditions and has delivered a well-defined PMMA only surface chemistry14.  
However, the topographies produced to date have tended to be a mixture of 
non-optimal micro- and nanoscale features that are difficult to reproduce. The work 
presented in this thesis primarily focuses on attaining a DPFA sensor surface with a 
much better defined nano-scale topography. In addition, it also applies for the first 
time an advanced analytical technique developed for the standard immobilised vWF 
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sensor to the data obtained from the measurement of platelet activity on autologous 
vWF entrapped on the synthetic PS/PMMA demixed surface.  
  Aim and Objectives  
Existing tests for measuring platelet function are significantly limited due to the static 
blood contact conditions under which the assay is carried out. The development of a 
dynamic assay (DPFA) device has sought to overcome this issue but currently employs 
a surface with immobilised endogenous vWF on which platelets interact when it is 
perfused with blood under arterial flow conditions. The aim of this thesis is to further 
the knowledge of how a surface created by spin coating PS/PMMA can be used to 
directly entrap vWF from flowing whole blood at arterial shear (1500 s-1) without the 
need for any biochemical factors. The successful entrapment of vWF should then 
facilitate platelet adhesion and aggregation in a manner that is physiologically relevant 
and clinically beneficial. To realise this aim, the following objectives have been 
identified: 
1. Evaluate the effect of introducing uniform PS microspheres into the polymer 
blend to enable refinement of the current 25PS75PMMA mixed micro- and 
nano-scale topography.  
2. Investigate the effect of an ambient (air) pressure environment on 
nanotopography of PS/PMMA thin films. 
3. Specifically compare both the physical and chemical properties of each 
polymer surface by way of analytical techniques. 
4. Complete testing using whole blood from healthy donors, to quantitatively 
determine the level of platelet interaction with each surface, using the DPFA. 
5. Determine any nuances in the platelet behaviour regarding their dynamic 
characteristics by way of a novel autologous platelet algorithm. 
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The outcome of this research will therefore facilitate both quantification of platelet 
adhesion and a detailed assessment of key dynamic parameters by use of a well-
defined (reproducible) surface, capable of assessing autologous vWF-platelet 
interactions. In this way, it advances the opportunity to better detect vWD in patients 
who are currently difficult to diagnose.
9 
2. Literature Review 
By way of providing an appropriate context for the new research provided in this thesis 
key aspects of the prior knowledge in the respective subject area have been reviewed. 
As such, this review of the published literature addresses the following topics:  
- Cell and protein interaction with biomaterial surfaces  
- Blood function and components; 
- Platelets and haemostasis; 
- Von Willebrand Factor (vWF); 
- Laboratory tests for von Willebrand Disease (vWD) identification 
- Polymer demixed nanotopographies for platelet testing 
 
 Cell and Protein Interaction with Biomaterial Surfaces  
The National Institute of Health (NIH) in the USA defines a biomaterial as “a 
substance (other than a drug) or combination of substances, synthetic or natural in 
origin, which can be used for any length of time to treat, replace or augment any 
tissue, organ or function of the body”18. Hence, such materials need to have properties 
that allow for their interaction with biological systems. Although the main categories 
of materials; metals and metal alloys, ceramics and glasses, polymers and composites 
can be considered as biomaterials under the correct conditions, it is only polymers and 
their surface properties that are relevant to this review. Carbon-based polymers are 
substances with a molecular structure that consists of a large number of basic monomer 
units that are linked together as a result of addition or condensation polymerisation. 
Like all biomaterials, the key functional properties of polymers necessary for their use 
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in medical applications are biocompatibility and the capability of being sterilised in 
an appropriate manner.   
 When a biomaterial is placed in contact with a biological system, protein 
spontaneously adsorbs onto the surface19 with the adhesion of molecules and their 
attendant conformation dependent on the inherent chemistry and microstructure. 
Hence, the resulting protein-surface interface is influenced by the surface properties 
of polymeric biomaterial20, and this then governs any further interactions that may 
occur on the surface.  Correct conformation and orientation of the adsorbed proteins 
is essential for other biological species, such as cell integrins, to recognise specific 
binding and/or signalling sites. It has been shown previously that nanoscale surface 
topography can significant influence protein adsorption and hence cellular 
adhesion21,22. 
 As long ago as 1964, it was proposed that biological cells reacted directly to 
the surface topography of their contacting environment23. Subsequent research has 
been undertaken to understand why and how cells interact with surface features on the 
micro- and the nanoscale that are inherently present or that can be created on a 
substrate surface19,24. The cell is the most basic unit of a biological system and all 
living organisms are composed of one or more types of cells25. Mammalian cells have 
dimensions that lie in the micrometre to tens of micron (µm) size range, however, their 
components and interaction with the surrounding environment often occur at the 
nanometre (nm) scale19. In this context, fibroblasts, macrophages, epithelial and 
endothelial cells have all demonstrated a reproducible response to surface topography 
at the micro- and nanoscale26–28. For example, Dalby et al. have demonstrated that 
endothelial cells can sense and interact with features as small as 10 – 30 nm28. Cells 
react to nanometre scale surface features due to events associated with their natural 
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extracellular matrix (ECM) environment which contains nanoscale components such 
as collagen, fibrils and nucleic acids. Therefore, it is understood that a cell’s 
interactions with these various biological components and any surrounding 
topography is crucial in the performance of a variety of its functions such as 
proliferation, migration and differentiation29. The adsorption of proteins that precedes 
cell interaction is also dependent on the attendant surface chemistry  and the nature 
and scale of the nanotopography30.  These properties then dictate the wettability of the 
surface, i.e. the degree of hydrophobicity or hydrophilicity and thereby the degree to 
which proteins can be adsorbed31. At the microscale, the probability of specific forms 
of cell alignment occurring can be directed by adjusting both the depth and width of 
topographical features. Whereas, at the nanoscale level, it appears that there is a finite 
limit for feature size and the degree of order with respect to influencing protein and 
associated cell interactions5. Generally, it is understood that protein and cell 
interactions with features are dependent on the scale at which they are occurring32.  
 Blood 
Blood is a major contributor to human function and delivers essential substances such 
as nutrients and oxygen to cells, and also acts as a means to remove metabolic waste 
from these same cells1. There are four main components of blood, namely: plasma, 
red blood cells (RBCs), white blood cells and platelets. Blood plasma is the fluid 
constituent of blood and consists of 92% water, with soluble sugar, fats, proteins and 
salts.  The function of this plasma is to transport blood cells throughout the body along 
with proteins, chemical signalling agents and antibodies to help maintain the required 
balance to sustain life. RBCs or erythrocytes are the most abundant cell in blood, 
occupying between 40% and 45% of its volume33. The physical structure of these cells 
is vital for their function. RBCs are biconcave and anucleate, i.e. unlike other cells 
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they do not have a nucleus, which allows them to have the increased flexibility needed 
for moving through the smallest of blood vessels with ease. Within these cells is a 
protein called haemoglobin, which specifically enables the transport of oxygen from 
the lungs to the rest of the body, and the return of carbon dioxide from cells to the 
lungs for exhalation. White blood cells, or leukocytes are responsible for protection of 
the body against infection and make up about 1% of the blood volume33. Two major 
types of white blood cells have been distinguished; neutrophils which form the 
immediate response to infection and lymphocytes – comprising B and T cells – which 
produce antibodies complimentary to specific bacteria and directly attack infected 
cells, respectively. The remainder of blood is made up of platelets, or thrombocytes, 
which are regarded as fragments of cells as opposed to whole cells, with a diameter of 
approximately 3-4 µm34 and like RBCs, are anucleate. The two main functions 
associated with platelets are; the initial arrest of bleeding through formation of a 
thrombus and the further stabilisation of a thrombus through catalysing further 
coagulation reactions35.  An increased amount of these platelets in an individual’s 
blood can result in unnecessary or abnormal clotting which may lead to a heart attack 
or stroke36. On the other hand, abnormally low levels of platelets (<150,000 per µl of 
blood) can cause excessive bleeding and therefore platelet function testing is a crucial 
requirement in cardiology.  
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Figure 2.1 Schematic diagram of platelet structure including major signalling events 
and responses during platelet activation. Adapted from37. 
 
The disk shape platelet is supported by a cytoskeleton of microtubules, with receptors 
present on their surface, specifically glycoproteins Ib (GPIb) and IIb-IIIa (GPIIb-IIIa), 
highlighted in Figure 2.1. These receptors are responsible for mediating the contact 
reactions of platelet adhesion and aggregation5. Adhesion can be considered as the 
interactions that occur between the platelet organism and the contacting surface, 
whereas aggregation is the interactions that take place between platelets. The presence 
of a phospholipid membrane accelerates coagulation reactions and forms a spongy, 
open surface giving rise to an increased surface area for interaction with plasma 
factors. 
 The central focus of the work presented in this thesis is the study of platelet 
activity with the aim of attaining knowledge required to develop a physiologically 
relevant platelet function test to facilitate the assessment of platelet behaviour under 
14 
dynamic arterial shear flow conditions. As previously reported by Fuchs et al. vWF is 
required under arterial shear to enable platelet adhesion38. vWF is a blood-borne 
protein, further discussed in Section 2.4.  
 Platelets and Haemostasis 
The term haemostasis relates to a set of interdependent reactions between a surface, 
normally that of a damaged blood vessel lumen, platelets and coagulation proteins39.  
Under normal haemostasis conditions, the site of injury is recognised by specific 
circulating proteins that adhere and uncoil leading to platelets becoming activated and 
recruited to the area of damage, which results in the formation of a thrombus. The 
mechanism by which these events occurs is complex and is said to be dependent on 
the rheological properties of the surrounding dynamic environment40. The response of 
these blood factors is diverse and dependent on the location within the vascular 
network in which the adverse event has occurred. Regardless of the mechanism by 
which haemostasis is initiated, platelets remain the main component for the formation 
of a blood clot that arrests bleeding4. 
 The blood proteins that carry out the function of flagging vessel wall injury or 
insult are well defined41 and exclude those proteins who carry out messenger activities 
such as hormones and cytokines. Table 2.1 shows the different categories of blood 
proteins and their respective function.
15 
Table 2.1 Table detailing the major protein constituents within blood and their 
respective functions. 
 
Blood is a non-Newtonian fluid, i.e. it comprises particles circulating in a liquid 
medium and circulates around the body in a pulsatile flow environment controlled by 
the systolic and diastolic phases of the heart and the resulting blood pressure in the 
vessels. Depending on the blood flow shear rate within the body, the protein 
responsible for initial platelet recruitment may change; at shear rates below 500 s-1 
fibrinogen arbitrates platelet activation whereas at shear rates above this, vWF is 
responsible15. Both coagulation proteins and platelets circulate freely in the body and 
are inactivated until such times as the vessel wall is damaged and sub-endothelial 
collagen is exposed.  At the site of injury, the recognition and repair process begins 
with the interaction of GPIb receptors and collagen, causing vWF to adhere42. GPIb is 
the main surface receptor on platelets for vWF43 and therefore without the presence of 
vWF, platelet adhesion and aggregation would not occur. The forces to which cells 
within the blood vessels are subject to include wall shear stress and circumferential 
Blood Protein Function 
Albumins 
Main constituent of blood proteins, 
accounting for over 50%. Produced in the 
liver and responsible for maintaining blood 
volume and pressure. 
Globulin 
Account for approximately 20% of plasma 
proteins and are responsible for enzymatic 
function and defence. 
Fibrinogen 
Important clotting factor responsible for ~4% 
of plasma proteins, which helps to stabilise 
platelet aggregates. 
Clotting Factors 
Responsible for haemostasis, examples of 
which are – fibronectin, Factor VIII and 
vWF, with vWF being most important in 
terms of platelet activation. 
Regulatory Proteins Regulation of gene expression. 
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strain, with the former being dominant5. Therefore, for the purposes of this work, only 
the shear stress component will be considered. Platelet interactions with vWF are  
shear stress-dependant, and are thereby influenced by flow conditions within the 
blood44–46.  Following adhesion, a series of reactions takes place, as follows: 
a) Release of adenosine diphosphate (ADP) 
b) Formation of small amounts of thrombin 
c) Activation of the biochemical processes leading to thromboxane A2 – a lipid 
produced by platelets. 
These reactions act to recruit platelets to the site of injury and promote the formation 
of a platelet aggregate, leading to thrombus formation. As indicated previously, 
fibrinogen is the most important blood protein in terms of supporting platelet 
aggregation. Aggregation involves the bridging of platelets, via this fibrinogen 
protein, and is dependent on the presence of calcium ions (Ca2+)5. Thrombin 
mentioned, then binds directly to surface receptors on the phospholipid membrane of 
the platelets and so plays an essential role in platelet aggregation as it allows for Factor 
VIII to be released from vWF. For the purpose of this work, only the initial platelet 
adhesion and aggregation, mediated by vWF will be assessed.  
 von Willebrand Factor (vWF) 
vWF is a large glycoprotein which is key to the correct functioning of platelet adhesion 
and initiation of later aggregation mechanisms. It can be distributed in the sub-
endothelial ECM or within the blood serum, where it is able to circulate freely. Storage 
in the Weibel–Palade bodies (WPB) in the endothelium allows for release of vWF into 
the blood stream when injury to a vessel has occurred47. In addition, vWF is produced 
and released by megakaryocytes when platelets have been activated following 
vascular damage48. For the purposes of the work undertaken herein, only vWF 
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circulating in whole blood will be considered in the context of its ability to bind to a 
polymer surface and consequently interact with platelets.  
 Figure 2.2 represents the main steps of the vWF activation and its interaction 
with platelets on a damaged vessel lumen during the coagulation process, forming  a 
thrombus42.  
 
Figure 2.2 Schematic representation of vWF activation leading to platelet adhesion 
and aggregation to form a thrombus49. 
As with any protein, the structure of vWF is pertinent to its function. As shown in 
Figure 2.3 the basic vWF multimer, as recently updated by Zhou et al, consists of 2050 
amino acids  made up of various domains50.  
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Figure 2.3 Schematic block representation of the basic structure of vWF, identifying 
specific binding domains and sites. Adapted from7. 
As such, vWF comprises 5 D-domains, 3 A-domains, 6 C-domains and 3 B-domains 
– more specifically the structure can be represented by the formula D1-D2-D’-D3-A1-
A2-A3-D4-B1-B2-B3-C1-C2-CK. The monomers concerned are linked head-to-head 
and tail-to-tail to form ultra-long concatemers. Table 2.2 below describes the relevant 
roles of each of the domains. 
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Table 2.2 Key functions of specific domains within the vWF structure. 
 
The normal circulation of vWF in blood throughout the body occurs as  a coiled 
structure due to the disulphide linkages caused by the D-domains, meaning that the 
A1 domain is not exposed therefore not allowing for any unnecessary platelet 
interaction with platelets via the GpIbα receptor51,52. 
 As indicated previously, vWF has two roles in initiating and maintaining 
haemostasis: (1) it is responsible for the interaction with sites of injury53 and (2) it  is 
a carrier protein for Factor VIII. Under appropriate shear conditions of the type 
normally associated with arterial blood flow, vWF multimers that are located along a 
damaged sub-endothelial wall form transient tethers with the Gp-Ib-XI-V platelet 
receptor allowing of the initial contact and ‘rolling’ of platelets along the vessel wall. 
Shear stress (τ) is the frictional force that results from a fluid acting on an area parallel 
to its direction of flow. The shear rate (ϒ) can therefore be described as the change in 
velocity that occurs when one layer of fluid passes over another layer. These two 
parameters can be linked using equation (2.1): 
𝜏 =  ϒ 𝑥 µ 
where µ represents the dynamic velocity. 
(2.1) 
 
Domain name Function 
D1-D3 
Responsible for disulphide linkage in formation in WPB and 
exhibit a binding site for factor VIII 
A1 Binds to the GpIbα receptor 
A2 Cleavage site for ADAMTS13 (must be uncoiled) 
A3 
Binds to collagen which becomes exposed when the vessel wall 
undergoes damage 
C1-C6 
Allows for length and flexibility especially within neutral pH 
environments. 
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The capture of platelets from flowing blood under the correct arterial shear conditions 
is highly specific to the function of vWF54. At lower shear rates, platelets do not 
interact with vWF due to the disulphide bridges blocking the A1 domain. Aponte-
Santamaria et al. have shown how the A2 domain can bind to the A1 domain so that 
the β3 strand is shielded, which is essential for GpIb binding to occur55. When the 
forces required to separate these two domains are met, their cleavage site becomes 
exposed, such that the A1 GpIbα receptor is revealed. Hence, these shear forces 
unravel the normally coiled vWF making available the relevant receptors for 
interaction with platelets. Yago et al. have suggested that platelet GpIb receptors  and 
the vWF can form bonds up to a certain shear stress limit, after which the bonding will 
deteriorate, however there are no values specified for this value in the study56. Hence, 
the process can be seen as only resulting within a relatively narrow window of shear 
stress. For the purpose of this work, an arterial shear rate of 1500 s-1 will be considered 
as the conditions needed to represent the vWF-platelet interactions of whole blood 
capable of promoting thrombolytic response on the PS/PMMA polymer demixed 
surfaces of interest. 
 Relationship between Bleeding Disorders and vWF  
Franchini et al. have suggested there is a strong association between blood group and 
the risk of bleeding. Individuals with A, B and AB blood groups have been shown to 
have an increase in incidences of thrombotic disease compared with those with blood 
group O57. It is also well known that the ABO blood groups are related to plasma vWF 
levels53. Sarode et al.58 suggest that AB structures act on vWF to modulate platelet 
aggregation, and that these structures are related to increased levels and activity of 
vWF. On the other hand, those with blood group O have been shown to have the lowest 
levels of vWF and so their risk of bleeding was heightened53,59. Other bleeding 
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disorders result from various conditions such as: abnormal levels of platelets; reduced 
amounts of blood clotting proteins; or abnormal blood vessels60. Von Willebrand 
Disease (vWD) is a condition whereby blood lacks fully-functioning vWF61. 
Uncontrollable bleeding can therefore result from the associated impaired vWF-
platelet interactions or due to a reduction in Factor VIII – a common comorbidity with 
vWD62. It is estimated that around 1% of the UK population have reduced levels of 
von Willebrand Factor, meaning that their blood cannot clot properly and that they 
may be prone to uncontrolled bleeding63. The Scientific and Standardisation 
Subcommittee (SSC), of the International Society on Thrombosis and Haemostasis 
(ISTH) have defined three classifications of vWD, as follows; 
i. Type 1: partial quantitative deficiency of vWF 





iii. Type 3: patients represent a complete deficiency in vWF. 
 
Type 1 vWD is the most common form, accounting for 40-70% of cases7, while Type 
3 is the rarest form, affecting 1 in 500,000 individuals64.  
 The diagnosis of vWD by type, is critical to correctly diagnosing, monitoring 
and controlling abnormal bleeding. In this respect, the SSC-ISTH have determined the 
following criteria that need to be present in order to allow for the standardisation of a 
vWD diagnosis6:  
 
The subtype of Type 2 is dependent on the 
variant present. 
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i. Personal history of abnormal bleeding 
ii. Family history of abnormal bleeding 
iii. Reduced vWF levels  
 
The problem with these criteria is that they are rarely present together and therefore 
the chance of misdiagnosis is high. Diagnosis of Type 1 is usually based on the 
presence of reduced quantity of integral plasma vWF. This diagnosis can be difficult 
in mildly affected individual’s due to the natural fluctuation of vWF in circumstances 
of stress or inflammation65. The qualitative variants with type 2 individuals is based 
upon the specific defect in vWF present whether it is collagen-binding defects, lack of 
high molecular multimer vWF or faults in platelet receptor binding66. 
 Currently, there is no single laboratory test available to screen for VWD and 
the associated bleeding risk. A diagnosis is made using several specific laboratory 
tests, making the process time consuming and labour-intensive. Figure 2.4 shows a 
typical flowchart process for diagnosis of vWD and other related bleeding disorders. 
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Figure 2.4 Current approach for the diagnosis of vWD Adapted from National Heart, 
Lung, and Blood Institute 67 . 
Initial evaluation suggests a bleeding disorder
Positive Negative
Initial haemostasis testing:
Complete blood and platelet counts
PTT
PT
Fibrinogen level or TT 
Other cause identified
Isolated prolonged PTT 
or no abnormal findings






One or more abnormal 
results
No abnormal test result; 
referral for other appropriate 
evaluation
Referral for selected 
specialised vWD studies;
Repeat initial vWD assays






 Screening Tests for vWD Identification 
There are number of ways to investigate vWF and platelet function in vitro, each of 
which has different advantages and limitations. The earliest platelet function test is the 
‘bleeding time’ test developed in the 1900s68. The principal of operation of this 
procedure, is to determine the length of time taken for the onset of bleeding from a 
deliberate in vivo wound to stop. Although this is physiologically relevant, it is 
nonspecific and there can be significant errors introduced by measurements made by 
different individuals.  
 Platelet aggregometry was developed in 1962 by Born69 and O’Brien70 and is 
the basis of the current PFT gold standard. In its first iteration, the platelet-platelet 
interaction in whole blood is assessed using electrical impedance whereby two 
electrodes are placed in the sample volume and the direct impedance measured71. The 
addition of a suitable stimulatory reagent causes the platelets to be activated such that 
they aggregate to the electrodes. The impedance that is measured between the 
electrodes will then increase and can be plotted as a curve that relates to the rate of 
aggregation. The disadvantages of this method include poor reproducibility, expense 
and the fact that it is time-consuming71,72.  
 A further development of a whole blood assay which monitors platelet 
aggregometry is the Rapid Platelet Function Assay, more recently known as 
VerifyNow (Accumetrics, San Diego, California). Here, fluorinated PS beads are 
combined with adenosine diphosphate (ADP) and reacted with whole blood to activate 
the platelets. Results are recorded by way of a change in optical signal intensity, 
representative of platelet aggregation73,74. 
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The vWF: Ristocetin cofactor (Rco) assay is commonly used to measure vWF ability 
to bind to the GPIbα platelet receptor66. From this, the rate of Ristocetin-induced 
aggregation is related to functional activity of plasma vWF. Although this assay is 
widely used, it is limited by its high levels of variation75. Another commonly used 
screening tool is the vWF:Antigen (vWF:Ag). Various methods exist for this test 
including enzyme-linked immunoassay (ELISA) - where absorbance is measured and 
correlates to the concentration of vWF and Latex immunoassays (LIA) which utilise 
a change in optical density, due to agglutination, to  determine vWF concentration76. 
vWF:Ag is highly reproducible; however, this approach only detects the presence of 
vWF, not its functioning66.  
 More recently, developments in microfluidic platforms have been applied to 
the field of haemostasis based on research findings from flow assays13,77,78. Advances 
in this technology is now driving the development of many miniaturised analytical 
devices and requires less sample and reagent volumes, shorter analysis time while 
producing increasingly accurate results79,80. Hence, this approach offers a means to 
assess platelet function in systems which can mimic both the physiological and 
pathophysiological surroundings closer to those normally encountered in vivo81,82. In 
particular, flow assays lend themselves as a test for vWD due to the ability to create 
assemblies that can deliver the shear forces necessary to activate vWF uncoiling and 
associated platelet interaction, in a way that is difficult to incorporate within 
conventional assays56,83. The ISTH have issued guidelines for the creation of a suitable 
dynamic platelet flow assay84: 
▪ Multiple shear rates 
▪ Use of untreated whole blood 
▪ Real-time monitoring of platelet activity 
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▪ Single-pass, small-capacity flow device 
▪ Controlled collagen coating  
The use of flow chambers for PFT measurement is not new and was introduced in the 
19th century, when Bizzozero et al. developed the first apparatus of its type, where a 
microscopic slide was used to observe coagulation and thrombus formation85. This 
work was then further developed by Baumgartner et al., who developed a device to 
investigate the interaction of blood with an exposed rabbit artery wall86. Subsequently, 
systems comprising the natural materials commonly found in the ECM such as 
collagen, fibrinogen and vWF have used in devices to study the flowing blood, with 
collagen being the most common substrate87. This technology has evolved more 
recently with the open flow chambers replaced by parallel plate systems to provide a 
more controlled volume, close to the measurement surface which can be more easily 
incorporated into an optical microscopy assembly with real time video capture88–90. 
 Sakariassen et al. have reported a system devised to study the interaction of 
platelets with cultured endothelial cells. A coverslip coated with the cells was 
incorporated between two plates and blood was perfused over the surface at a flow 
rate of between 300 and 1100 s-1. In this study, platelets did not adhere to cells at a 
flow of 765 s-1 but when these cells were removed, and blood perfused again platelet 
adherence was observed. Removal of the endothelial cells was reported to increase 
platelet adherence due to a preference for certain, fibrillar structures of the 
extracellular matrix88. In a related study, when blood was passed through a suitable 
parallel-plate chamber under shear rates ranging between 100 – 2600 s-1, thrombus 
formation occurred of which resembled the in vivo process91. A key consideration of 
these flow-based methods is the use of whole blood at arterial shear rates. Platelet 
adhesion to collagen, has also been measured to indicate aggregation or thrombus9. 
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Although it is a useful substrate material, there are many different types of collagen 
and this can mean that the test varies from device to device therefore making 
comparison across different devices difficult. In this regard, quality control is also 
difficult due to collagen having a non-uniform porosity which affects its mechanical 
properties92,93. Also, given that collagen requires dissolution in an  acidic solvent to 
create a coating any residue may influence its properties17. 
 The first commercial system to investigate the properties of whole blood was 
the PFA-100 (Siemens Healthineers, USA)94 which measures the time taken for a clot 
to occlude blood flow through a nitrocellulose membrane, coated with collagen or 
ADP73,95. This test utilises blood mixed with citrate which is agitated at high shear 
rates. Application of this technology is aimed toward screening for bleeding disorders 
and monitoring antiplatelet therapies81,96. Compared with the previous devices, this is 
fast, simple and takes physiological shear rate into consideration. However, the main 
limitation with this technology is the fact that the time taken to occlude is not actually 
indicative of any individual bleeding disorder78.  
 The next step in the evolution of flow-based assays for vWF/platelet testing 
involved the use of soft lithography, whereby topography was introduced to a surface 
to better control the spatial presentation of proteins97. Nalayanda et al.98 have 
investigated cell rolling assays under haemodynamic conditions over a patterned 
surface. This system can assess both the receptor-ligand binding properties, along with 
making an accurate measurement of platelet adhesion onto a protein media. This 
platform again uses whole blood and as it flows over the surface, the platelets adhere 
where the specific binding protein is deposited.  
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Kent et al.99 reported the development of a novel microfluidic device that is able to 
analyse the cell-surface interactions under relevant shear stress conditions. To date, 
these conditions have only been studied using basic microfluidic platforms100–102. The 
two fundamental considerations behind employing such a device to assess these 
interactions are as follows: 
1. A reliable fabrication method to produce the appropriate test environment with 
a high degree of repeatability. 
2. Understanding the structure and function of the active surfaces used to assess 
platelet function103. 
The parallel-plate flow chamber utilised here is capable of creating the conditions 
needed to study platelet behaviour under physiologically relevant arterial wall shear 
stress conditions99. This is due to the low aspect ratio of the channel, resulting in an 
almost constant wall shear force. The general set up consists of an inverted 
microscope, light source and video camera, aligned with the flow chamber which 
comprises a top plate with an inlet and outlet for the flow whole blood, which is 
connected to a syringe pump controlling the flow rate. The base plate of the device is 
then the test sensor surface on which the activity of contacting platelets is measured. 
The results from studies carried out by Kent et al. using this device suggest that it has 
the capacity to screen large sample populations at a relatively small cost, making it an 
important option for a point-of-care (POC) device that is suitable for clinical 
applications. This forms the basis of the dynamic platelet function assay (DPFA) 
system that is central to the research presented in this thesis. 
 The Dynamic Platelet Function Assay 
As indicated earlier, the main limitation of current generation of platelet function 
assays is that they examine an endpoint in a static blood sample where platelet activity 
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is measured via stimulated aggregation. As such, these methods can miss vital platelet 
mechanisms such as ‘rolling’ of platelets along the surface, transient tethering and 
release and final adhesion. The dynamic platelet function assay (DPFA) developed by 
researchers at the Royal College of Surgeons (RSCI), Dublin is an example of such a 
parallel-plate flow chamber set up whereby the contacting diagnostic sensor surface is 
coated with immobilised human endogenous vWF protein10–12. This device couples 
the microfluidic flow chamber developed by Kent et al. with an inverted fluorescence 
microscopy and high-resolution video camera for real time visual analysis of 
fluorescently dyed platelets in regard to their adhesion and aggregation on a bottom 
plate test substrate. Lincoln et al.12 have also proposed the use of this type of parallel-
plate flow chamber for study of platelets in a controlled shear stress environment. In 
general, it consists of a top and bottom plate fabricated from poly (methyl 
methacrylate) (PMMA), with the top plate having the inlet and outlet connections for 
blood flow. In this case, the sensor substrate is a glass coverslip which can be coated 
with materials that meet many of the main requirements of a platelet function assay as 
indicated by the ISTH guidelines13.  
 In the case of the RSCI-DPFA device, the sensor is a glass plate onto which 
endogenous vWF has been immobilised through an established incubation protocol. 
Platelets perfusing across this surface in whole blood via the inlet/outlet ports at 
arterial shear rates (1500 s-1) recognise the presence of vWF and adhere to it if they 
are fully functional leading to aggregation and thrombus formation. The images 
recorded for platelets interacting with the surface are analysed using appropriate 
processing software15,104. Although not yet applied clinically, the outcomes from a 
range of studies carried out with this device suggest that it is indeed capable of 
discriminating between platelets with specific inherent activity.  
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Cowman et al. employed the DPFA system to investigate platelet function in very low 
birth weight pre-term neonates. Conclusions from this study detailed that platelet 
function significantly altered, leading to higher incidences of bleeding, when 
compared to full term neonates11. More studies from Cowman et al. look at dynamic 
platelet function in respect to aging, which reports the increase in platelet adherence 
on vWF with increasing age, more profoundly in females104.  
 Allied to the physical properties of the DPFA system has been the development 
of an algorithm to facilitate a detailed analysis of the platelet kinetic behaviour over 
time10,11,105,106 Motional parameters of platelets are measured to indicate behaviours 
such as speed and distance travelled. Application of this in-silico methodology further 
enhances the clinical relevance of the assay, building upon the visual interpretation of 
any microfluidic assay images59,107. Initial development of this algorithm was led by 
Ralph et al.105 whereby six dynamic platelet parameters were identified, namely; 
Ntracks, % translocation, mean translocating velocity, fraction of static platelets, % 
unstable platelets and % surface coverage. Dunne et al. studied the influence of ABO 
blood group on vWF performance. Conclusions suggest that the platelets on Type O 
individuals have a greater number of translocating platelets (18.4 ± 3.5%) which is 
indicative of reduced engagement of the GPIIb/IIIa receptor, responsible for forming 
stable bonds59.  Within this study four key parameters were measured – Ntracks, 
number of stably adhered platelets, mean translocating velocity and surface area 
covered by platelets on final frame, alongside five verified parameters; number of 
translocating platelets, mean translocation distance, % platelets in motion, % surface 
coverage and finally, adhesion rate. Verified parameters are said to have some 
important biological implications, but mainly correlate with the key factors 15. Whilst 
this is a huge advancement in terms of understanding platelet function over time, a 
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significant limitation is the fact that it uses endogenous vWF, immobilised on the 
surface meaning that patient specific testing is not an option. Hence, if this issue can 
be resolved by the use of autologous vWF on the sensor surface while still being able 
to apply the kinetic analysis algorithm it would assist in enhancing the clinical 
diagnostic value of the technique overall. 
 As discussed earlier, the development of a patient specific substrate that is 
capable of entrapping autologous vWF from flowing blood at arterial shear rates 
(1500s-1) and testing the function of platelets from the same sample is the core aim of 
the work undertaken here. Previous work by Bishop14 and Ward et al.108 has proposed 
that a surface created by spin coating a PS/PMMA polymer demixed solution onto a 
glass slide has the correct chemistry and topography to entrap autologous vWF from 
flowing blood in a way that allows for platelet function to be tested thereon. The 
application of polymer demixed surfaces in this regard is based on previous published 
results by Minelli et al.109. As indicated earlier, the work in this thesis seeks to create 
a clearly defined topography which can facilitate autologous protein/platelet 
interactions. 
 Polymer Demixed Nanotopographies for Platelet Assay Testing 
Spin coating (also known as spin casting) of solutions of PS and PMMA in a suitable 
solvent has been shown to create thin film surfaces with sub-micron to nanoscale 
topographical features of the type known to provide for platelet interaction thereon. 
This coating technique, which was first used to apply coatings of paint using 
equipment designed by Emslie in 1958110, is easy to use and inexpensive and have 
proved to be highly effective for depositing polymer films on a range of substrates111–
113.  In the case of polymer demixed solutions the substrate is accelerated rapidly at 
the desired rotational speed (RPM)111. The centrifugal force acting on the substrate 
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causes the liquid placed on it to flow radially across the surface, with excess being 
ejected off the edges. A polymer film is formed as the liquid layer thins and the solvent 
evaporates, with a thin film coating formed when all the solvent has been removed.  
 The creation of thin films via spin coating from polymer demixed solutions  
has been studied extensively during the last tens of years, and the process is now 
reasonably well understood114. The technique has been used to form surfaces to 
investigate the effect of surface topography on a range of biological systems including 
proteins and cells115–117. Due to the immiscibility of the polymers in the blend, the 
solution typically demixes during spinning118 and produces a surface with unique 
forms of nanotopography due to the partially soluble particles of one component being 
distributed throughout the fully soluble phase of the other. Tanaka et al.119 have 
researched the morphology of an immiscible polymer blend of PS and PMMA in w/w 
ratios of 30/70 and 50/50 in varying amounts of toluene solvent, dependant on 
thickness of film intended. Atomic Force Microscopy (AFM) was utilised to examine 
the microstructure where 100 nm films were reported to show a “sea-island-like” 
structure for 50PS/50PMMA blends whereas at the 30/70 ratio showed a more 
continuous phase-separate topography, with islands reaching up to 120 nm in height. 
Spin coating from a toluene solution is a common means for producing a ‘thin, uniform 
polymer film’111.  
Previous to 1997, the blending of PS and PMMA was studied in terms of their 
bulk demixing characteristics120 and associated biochemical phase behaviour
119. 
Walheim et al.118 then investigated the phase morphology of thin films using this 
demixed polymer combination. They explored three fundamentals; the dependence of 
topography on the solvent used, effect of the substrate onto which the solution was 
spin cast, and lastly the evolution of these features towards equilibrium. Solvents that 
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they used included toluene, tetrahydrofuran (THF) and methyl ethyl ketone (MEK). 
From this study, it was found that if the solvent used is more suitable to dissolving the 
polymer component with the lower surface tension, then the surface features present 
will be sharp and well defined. However, if the solution is matched with the higher 
surface tension component the resultant features will be more rounded. These 
conclusions were made based on a 50/50 weight by volume mixture use as a 3% 
solution in the solvent.  
In the case of this thesis, the PS/PMMA blend, both polymers are immiscible 
and phase separation takes place causing a relatively disordered topography. 
Generally, the solubility of the polymer increases when its solubility parameter is 
closer to that of the solvent. The Hildebrand solubility parameters of chloroform (9.3), 
PS (9.1) and PMMA (9.5) would mean that PS should be detected when spin coating 
with chloroform. However, this is reliant on the system reaching thermodynamic 
equilibrium121 and the method used to detect surface chemistry122.  
Ton-That et al.123 investigated the influence of the solution concentration and 
composition of the PS/PMMA mixture on the resulting morphology and thereby the 
overall structure of the coating. This mixture, like that to be used in this study, 
employed chloroform as the solvent. In each case, the surface was enriched with 
PMMA due to its high solubility in chloroform. 
D'Sa et al. conducted a study with a range of PS/PMMA blends, 75/25, 50/50 
and 25/75 in a 1% w/w chloroform solvent. Characterisation of these thin films 
showed a PMMA surface chemistry in all polymer blends. When PMMA is in excess, 
surface topography is reported to consist of a nanoisland topography with peaks 
showing an average peak height of 27.7 nm, with surface roughness values of Ra = 7.5 
± 0.8 nm and Rq = 9.3 ± 1.1 nm
115.  
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More recently, Fleming et al. reported how binary polymer blends can take the form 
of a nanotopography comprising islands, pits and ribbons, depending on the polymer 
concentration124. They have stated that islands with heights of 7 ± 2 nm are fabricated 
when a blend of 1% w/v 25% PS/75% PMMA, the solvent being chloroform, is spin 
coated onto glass slides. However, when PS concentration is increased to 50%, a 
morphology consisting of nanopits is observed, with depths of 8 ± 5 nm.  
 Minelli et al. employed the polymer demixing of PS and PMMA as a method 
for creating a substrate demonstrating features ranging from 40 – 400 nm109. The 
substrate was then treated with cyclohexane to remove the PS phase.  These surfaces 
were exposed to whole blood and showed a higher density of platelets adhered to the 
larger surface features present. These authors found that platelet adhesion and further 
aggregation increased with structural features of ~400 nm. Although it was proposed 
that these surface features might also display a higher degree of vWF adsorption and 
that both size and shape of the surface features attained from spin coating from 
PS/PMMA polymer demixed solutions may have a major role in the way in which a 
protein interacts, this proposition was not pursued further.  
Shenkman et al.125 constructed a study to investigate the adhesion of platelets 
to a PS surface with ECM coated plates acting as a control. The most important finding 
from this work is that  platelet adhesion to PS requires the presence of both fibrinogen 
and vWF, while in ECM fibrinogen is not required: and platelet adhesion to PS 
requires GPIIb and GPIIIb-IIa surface receptors, however in the ECM the surface 
receptor GPIIIb-IIa is not needed. 
Most recently, Bishop et al. carried out studies using the RCSI-DPFA assembly to 
fabricate a synthetic surface to entrap vWF from whole blood under arterial shear14. 
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Polymer demixed spin coated thin films were investigated with PS/PMMA blends of 
25/75 and 50/50 w/w in 1% chloroform. Results show a positive response for platelet 
adhesion and inhibition studies revealed that this adhesion was indeed a result from 
vWF entrapment. However, the main limitation that remained was the lack of 
reproducibility of the surface to produce a repeatable platelet response. Attempts were 
made to overcome this by hot embossing PMMA with surface features similar to the 
spin coated nanotopography. However, no further results were published in regard to 
biological response.   
It is clear from this review of the published literature that challenges still 
remain in regard to producing a reproducible coating topography by spin coating from 
a PS/PMMA demixed solution of the type required to entrap vWF and measure 
subsequent platelet activity thereon. The composition of this form of prothrombotic 
surface needs to have specific nanoscale topographical features. As indicated above, 
the work of Minelli et al. forms the basis of how whole blood interacts with a 
PS/PMMA polymer demixed surface with nano-features present. Polymer demixed 
blends of PS and PMMA at varying concentrations have been  investigated and shown 
to provide features varying from 40-400nm109. Results attained suggest that feature 
size affects the capture of vWF and therefore increase platelet thrombus formation. 
Bishop et al.14 carried out research on related polymer demixed PS/PMMA thin films 
and examined their behaviour in the RCSI-DPFA. Although the thin films produced 
entrapped vWF from flowing whole blood under arterial shear and interacted with 
platelets from the same solution, the process lacked the required reproducibility due 
to substrate variability. In particular, the topography produced was a combination of 
micron, sub-micron and nanoscale features. 
36 
Results presented within this thesis focus on the further refinement of surfaces created 
by spin coating of an already established polymer demixed solution (25PS75PMMA 
in chloroform)14 to provide a more defined range of nanoscale features that provide 
for more reproducible vWF/platelet interactions. This has been achieved by both 
altering the polymer blend via the introduction of PS microspheres and by changing 
the spin coating ambient conditions. These new polymer demixed thin films are used 
as a substrate within the RCSI-DPFA parallel platelet flow chamber to yield an 
improved form of physiologically relevant autologous vWF platelet function assay 
with a sub-endothelial type topography126. The improvements sought here are 




3. Materials and Methods 
 Polymer Demixed Spin Coating Solution Preparation 
Polystyrene (PS), Molecular Weight = 290,000 Daltons and Poly (methyl 
methacrylate) (PMMA), Molecular Weight = 350,000 Daltons were purchased from 
Sigma Aldrich, UK and thoroughly mixed in a 25/75 weight to weight ratio (25% PS 
+ 75% PMMA) after which a 3% weight to volume (3g per 100ml) solution was 
created in chloroform (Sigma Aldrich, UK)  and placed on gently rotating mixing plate 
for 24 hours, to produce the stock 25PS75PMMA demixed spin coating blend. The 
chloroform used was amylene stabilised, with a density of 1.48 g/mol at room 
temperature. The core polymer demixed blend used here (25PS75PMMA in 
chloroform) was chosen based on a previous study14 and acted as a baseline for further 
refinement of the resulting spin coated surface features.   
 The stock 25PS75PMMA solution was augmented with the addition of 50 µm 
PS microspheres (Thermo Scientific, UK) which were provided in aqueous media in 
25 ml vials with 3,000 PS particles per 1 ml. 5 ml aliquots (15,000 microspheres) of 
the aqueous media were placed in a rigorously clean glass petri dish and baked in an 
oven at 60⁰C overnight to remove the water. The dried particles were re-suspended in 
chloroform and used almost immediately. Ratios of 1:2, 1:4 and 1:8 were used to 
combine the PS beads in chloroform with the stock 25PS75PMMA blend to produce 
the spin coating solutions shown in Table 3.1. As before, each blend was placed on 
the rotating mixing plate for 24 hours before use in spin coating. It is important to 
note, that the assumption here was that all the microspheres were successfully 
introduced into the augmented 25PS75PMMA solutions.  
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Table 3.1 Augmentation of stock 25PS75PMMA blend by incorporation of 50 µm 
microspheres by way of 1:2, 1:4 and 1:8 ratios and the resulting number of 
microspheres per ml. 
Ratio 1:2 1:4 1:8 
Microspheres in aqueous solution (ml) 5 5 5 
Amount of stock solution (ml) 10 20 40 
Number of microspheres/ml 1500 750 375 
 
 Substrate preparation  
Glass microscope slides (24x50 mm) (Paul Marienfeld GmbH & Co. KG, Germany) 
were used as the substrate onto which the polymer demixed solutions were spin coated 
to produce a coating. To ensure that they were free of any contamination, a washing 
protocol was carried out.  A set of 10 slides were placed in a clean beaker containing 
99% isopropanol (IPA) (Sigma Aldrich, UK) with care taken to ensure that they were 
kept apart. The beaker was placed in an ultrasonic bath (Ultrawave Ltd., UK) for 30 
minutes. When finished, the slides were removed from the IPA solution, placed on a 
clean glass plate and left in a fume cupboard to air dry for two hours. 
 Fabrication of spin coated PS/PMMA thin films  
Demixed polymer films were produced by dispensing the various PS/PMMA solutions 
onto the static glass slide until the surface was saturated (to the extent of the surface 
tension breaking) within the spin coating apparatus.  Polymer controls of 3% w/v 
100% PS and 100% PMMA in chloroform were spin coated and used as a baseline to 
identify the physical characteristics of each polymer. Solvent cast 100% PMMA thin 
films were also produced at room temperature, to demonstrate the influence of spin 
coating forces on thin film formation.  
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Two types of spin coater were used within this work; a G3P-8 (Speciality Coatings, 
Indianapolis) which employs a positive pressure nitrogen purge to ensure thin film 
uniformity whilst spinning and a VTC-100 compact spin coater (MTI Corporation, 
Richmond) which operates in air at atmospheric, i.e. without a purge.  
 The spin programme for the G3P-8 begins at 0 RPM and increases up to a 
maximum of 6000 RPM over a period of three minutes. The thin film coatings created 
within this system in a positive pressure nitrogen purge environment are referred to 
hereafter as positive pressure substrates. 
 The same spin coating programme could not be fully replicated for the VTC-
100 instrument due to its built-in operational parameters  Hence, in this case, the 
maximum parameters were used for time and speed – time 1 (T1): 2 minutes , speed 1 
(S1): 2000 RPM, T2: 2 minutes, S2: 2000 RPM.    
 Substrate Nomenclature 
Spin coated substrates are named throughout this thesis in accordance with the 
constituent formulation and any aspects of the process by which they were fabricated. 
The sample name and details of each spin coated substrate is shown in 
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Table 3.2. Samples were spin coated in a positive pressure (purged) nitrogen 
environment unless appended with the term “air”. 
2 
 
Table 3.2 Substrate nomenclature for spin coated thin films, with details of relevant 
constituents involved. 
Sample Name Specification 
100PMMA 3% 100:0 PMMA:PS (Control sample) 
100PMMA_sc 3% 100:0 PMMA:PS solvent cast (Control sample) 
100PS 3% 0:100 PMMA:PS (Control sample) 
25PS75PMMA 3% 25:75 PS:PMMA 
25PS75PMMA_375 3% 25:75 PS:PMMA, +375 microspheres/ml 
25PS75PMMA_750 3% 25:75 PS:PMMA, +750 microspheres/ml 
25PS75PMMA_1500 3% 25:75 PS:PMMA, +1500 microspheres/ml 
25PS75PMMA_air 3% 25:75 PS:PMMA, spun in ambient air pressure 
25PS75PMMA_750_air 
3% 25:75 PS:PMMA, +750 microspheres/ml, spun in 
ambient air pressure 
 
 Hot Embossing-Fabrication of Nanoscale Features on PMMA 
Hot embossing was used to create the isolated nanotopography deemed to be effective 
for the entrapment of von Willebrand Factor (vWF) and the interaction of platelets 
from the same blood sample. PMMA sheets (Goodfellow, UK) with a thickness of 
1mm, were cut into discs with a diameter of 90 mm and cleaned with 99.9% IPA 
before being dried with a lint free cloth. Hot embossing was completed using an EVG-
520HE Hot Embosser (EVG Group, UK) under a contact from the University of 
Southampton Nanofabrication Centre using a stamp designed to a previous 
specification14.  This stamp template has features which are the inverse of the 
topography required and once pressed into the thermoplastic polymer substrate surface 
at an elevated temperature, creates the actual features required in a highly organised 
manner.  
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The original (previously employed14) master stamp template was created using the 
services of a specialist supplier (NIL Technology, Denmark). This device comprised 
a fused silica disc of 90 mm diameter and 1 mm thickness onto which two channels of 
35 mm in length and 5 mm width were created, shown in Figure 3.1. Each channel 
consists of an array of etched of pits created by semiconductor photolithographic 
processing techniques which have a 500 nm base diameter, a 100 nm apex diameter 
and are 50 nm in depth, meaning that embossing of this onto a surface should yield 
peaks of these dimensions. Each channel is shown within a marked area representing 
the dimensions (25 x 50 mm) of the bottom plate of a DPFA sensor substrate. Whereas 
both channels have features with the same dimensions, the interspacing between them 
differs; the first channel has a 1:2 ratio of feature to spacing, giving a 1000 nm 
interspacing between individual features while the second channel has  a 1:1 ratio, 
thereby yielding 500 nm interspacing. The stamp is completed by application of a 
fluorinated silane-based anti-stick layer (ASL) on the surface to enhance its release 
from the PMMA surface post-embossing. Although successful in creating the required 
nanotopography, the native fused silicon master stamp template was fragile and broke 
after two embossing cycles. Hence, it was not possible to determine the effects of 




Figure 3.1 Schematic drawing of the hot embossing master stamp template 
highlighting the two (5 x 35 mm) channels within a marked area  representing the 
dimensions (25 x 50 mm) of the bottom plate of a DPFA sensor substrate14. 
For the purposes of the studies carried out here, a second version of the stamp was 
created using the same design (Figure 3.1) but augmented during fabrication with a 
nickel layer, the purpose of which is to better dissipate the stresses encountered during 
the embossing process. This new stamp is otherwise the same in all other aspects 
regarding its form and function.  In order to create the required nanoscale features with 
this upgraded stamp template, PMMA discs were cleaned with IPA (>99.5%) and 
allowed to dry vertically in air in a laminar fume hood. Just prior to embossing, a 





Figure 3.2 Sketch of hot embossing master stamp template showing (a) channel with 
1000 nm feature inter spacing and (b) channel with 500 nm channel interspacing. 
 
Embossing was then carried out using an EVG-520HE Hot Embosser (EVG Group, 
UK). The nickel coated master stamp was placed on top a blank silicon wafer of the 
same dimension and placed on the bottom of the system heating chuck. A PMMA disc 
was then aligned with the upper surface of the master stamp a backed by a second 
blank silicon wafer. The top of the heating chuck was now put in place and the 
assembly placed into the processing chamber of the instrument and heated above the 
glass transition temperature for PMMA (105˚C), to 135˚C. Once this temperature was 
achieved, the chamber was evacuated to a pressure of < 0.1 mbar and a force of 8.5 
kN applied for 5 minutes. At the end of this time period, the temperature was reduced 
to < 100 ˚C commensurate with the glass transition temperature of the PMMA whilst 
maintaining the same applied loading force for an additional 5 minutes. The loading 
force was then removed and the PMMA allowed to cool to room temperature after 
which the chamber was vented, and sample removed. The process was then repeated 
to attain the number of embossed substrates required for subsequent studies, with the 
stamp and blank silicon wafers cleaned with IPA and dried in flowing nitrogen 
between each run. 
1000 nm 500 nma b
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Substrates were then cut to size using a CO2 laser, for use within the DPFA assembly 
(25 x 50 mm). The VLS2.30 CO2 laser system (Universal Laser Systems Inc, Arizona, 
USA) operated with 10.6 µm laser wavelength, and 25W power. The cuts outs were 
made in the PMMA using vector mode at 100% power, and 25% speed.  
 Substrate Nomenclature 
Details for substrate names used for the PMMA embossed substrates referred to 
throughout the body of the thesis are provided in Table 3.3. 
Table 3.3 Substrate nomenclature and associated specification for PMMA embossed 
samples, with details of their specified interspacing. 
Sample Name Specification  
Channel a 
50 nm height and 500 nm base width 
1000 nm interspacing 
Channel b 
50 nm height and 500 nm base width 
500 nm interspacing 
 
 Characterisation of Substrate Surfaces 
Physical and chemical characterisation of substrate surfaces produced by spin coating 
of PS/PMMA polymer demixed solutions in chloroform onto glass slides has been 
carried out for samples created in positive pressure (purge) of nitrogen and in air under 
normal ambient conditions. Likewise, the embossed structures created on PMMA have 
also been examined in respect of confirming the actual feature size and spacings 
produced. The methods used and their utility in the provision of the information 
sought, are outlined below. 
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3.7.1. Optical analysis 
Optical microscopy was employed to examine the final distribution of PS particles 




Table 3.2). Images were obtained using a Nikon TS Eclipse 100 phase-contrast 
microscope (Nikon, UK), equipped with a x20 objective and Nikon CoolPix5400 
camera fitted with a MXA5400 microscope adapter. Data was collected in phase-
contrast mode which works by converting phase shifts of the light energy to brightness 
changes in the image.  For the purposes of these studies, phase-contrast microscopy 
was found to be superior to the standard bright field technique, as it has the ability to 
better identify fine details which are usually invisible in normal optical views of highly 
transparent materials. The coating formed on each slide was imaged in three areas 
across the sample surface:– centre, off centre and the edge, as shown in Figure 3.3. 
Post-acquisition, images were modified to include a scale bar using ImageJ software 
(NIH, Bethesda, USA).  
 
Figure 3.3 Diagram showing the three distinct areas (centre, off-centre and edge) on 
spin coated PS/PMMA samples imaged by optical microscopy in phase contrast mode. 
3.7.2. Atomic Force Microscopy (AFM) 
AFM was used to measure and spatial map the surface topography of the PS/PMMA 
spin coated samples at the sub-micron to nanometre scale. The technique was also 
used to identify and confirm the dimensions of features created by hot embossing 
PMMA with the nickel augmented stamp (including feature spacing). All 
CentreOff Centre Edge
48 
measurements were performed using a Veeco Digital Instrumentation Dimension 
3100 AFM (Bruker Axs, UK) system operating in tapping mode whereby the silicon 
tip oscillates at a frequency at or close to the resonant frequency of the cantilever. In 
this work, a scan rate of 0.96 Hz was employed to create scanning areas ranging from 
10 – 40 µm2. Deflection of the tip is caused by van der Waals forces and electrostatic 
attractions/repulsions between atoms on the surface and the tip. These deflections are 
measured in terms of the change in amplitude and are then translated into 
topographical information via a pseudo-colour plot of the xyz co-ordinates. Image 
analysis was carried out using NanoScope Analysis software (v1.5, Bruker Axs, UK). 
Data was processed by initially using first order flattening to account for sample tilt 
and/or piezoelectric non-linearity, before a 3D construction of the scanned area is 
made. Surface roughness was subsequently recorded as both Ra (arithmetic mean 
roughness) and Rq (root mean square roughness) values. Only height descriptors were 
measured for each substrate to identify changes in feature size. Line profiles of the 
peak-to-peak height and peak-to-peak amplitude were obtained from the image data 
sets at a fixed position perpendicular to the xy scan direction. These data outputs were 
used to assess the number of features present and their regularity across this area of 
the surface. In all cases, a minimum of three spin coated sensor substrates (n=3) were 
used in each experiment, with triplicate measurements then made on each of these 
individual samples. 
3.7.3. X-ray Photoelectron Spectroscopy (XPS) 
XPS is a highly sensitive surface analysis technique used to acquire chemical 
information about the uppermost region of a material or coating. The XPS depth of 
analysis is determined by the mean free path of photoelectrons that are produced by 
incident X-rays, in that only those close to the surface are detected, namely in the 
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uppermost 5 to 10nm. By measuring the kinetic energy (KE) of the detected 
photoelectrons their original binding energy (BE) can be determined using equation 
3.2. 
𝐵𝐸 = ℎ𝑣 − 𝐾𝐸 −  φ (3.2) 
where BE = binding energy 
hv = incident x-ray energy (Plank’s constant × x-ray frequency) 
KE = kinetic energy 
φ = work function of the spectrometer (constant) 
 
The equation above is incorporated within the Vision processing software (v2.10 
Kratos, UK) integrated within the spectrometer so that values are shown as BE. As the 
BE values are unique to specific elements, their presence can be used to identify the 
composition of a materials surface or a coating with high surface depth specificity. 
Moreover, the BE position (after correction for any surface charging effects) can 
provide additional information regarding the chemical state of the elements concerned. 
This is particularly useful for polymeric materials as the carbon 1s (C1s)  electrons are 
sensitive to the attendant bonding conditions that are present. 
 The polymer demixed thin film coatings created by spin coating PS/PMMA 
solutions in chloroform onto glass slides were subject to XPS analysis to gain 
information on the resultant surface chemical composition. A Kratos Ultra Delay Line 
Detector system (Kratos Analytical, UK) was used throughout with samples 
introduced into the analysis chamber operating at a pressure of 1 × 10-9 mbar via fast 
access load-lock and transfer chambers, allowing for sample degassing and removal 
of water vapour. Spectra were recorded using an aluminium X-ray source (Kα X-rays 
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at an incident energy of 1486.6 eV) operating at a pass energy of 160 eV, with a spot 
size of 600 µm to acquire initial wide energy survey scans (WESS) of BE versus 
photoelectron counts per second.  Based on the polymeric nature of the coating of 
interest, high resolution spectra for the carbon (C 1s) and oxygen (O 1s) regions were 
collected at a reduced pass energy of 20 eV. Due to the insulating nature of PS/PMMA 
materials, in situ charge neutralization was applied via a low energy electron gun 
operating with a filament current of 1.95 A and a charge balance of 3.3 V, working in 
tandem with a magnetic immersion lens. In all cases, a minimum of three spin coated 
sensor substrates (n=3) were used in each experiment, with triplicate measurements 
then made on each of these individual samples. 
 All spectral data were processing using CasaXPS software (v2.3.19, CasaXPS, 
UK). As a first step, a post-acquisition correction for any residual charging effects was 
made by calibrating the C-C aliphatic peak in the C 1s region to 285.0 eV. Quantitative 
values for the relative percentage atomic concentration (% atomic concentration) were 
derived from the spectra using the area under each spectral envelope as a function of 
the tabulated values of Scofield X-ray cross-section values ratioed to the intensity F1s 
peak set to unity. Peak fitting was used to deconvolute the high-resolution spectra 
thereby yielding information on specific bonding environments present. In all cases, 
peaks were fitted using the Scienta ESCA 300 database127 and the beta-shifted carbon 
component was identified within the aliphatic carbon peak. Constraints were applied 
at values ± 0.3 eV from these published reference values.  
3.7.4. Contact angle  
Water contact angle uses the balance between cohesive forces occurring between 
liquid molecules, and the adhesive forces between the liquid molecules and a 
contacting material to give a measure of wettability which can be used to characterise 
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the degree of hydrophobicity/hydrophilicity of a surface. The basic equation for the 
relationship between contact angle and surface energy is provided in equation 3.1;  
𝛾_𝑠𝑣 = 𝛾_𝑠𝑙 + 𝛾_𝑙𝑣 ∙ 𝑐𝑜𝑠𝜃 (3.1) 
Where γ_sv= surface energy 
 γ_sl=solid-liquid interface 
 γ_lv=liquid-vapour interface energy 
 θ=contact angle 
In this work, a Cam 200 Optical Contact Angle Metre (KSV Instruments, Finland) 
was used to measure the water contact angle for the various substrates of interest. 
Samples were placed on the instrument stage and a 5 µl drop of water dispensed onto 
the surface. The contact angle was measured from static video image with both the left 
and right edges of the droplet-surface interface measured and reported as an average 
value. The depth analysed varies from 3-20 angstroms (Å) and spatial resolution is 
approximately 1 mm. A minimum of 3 measurements per sample, across 3 samples  
were completed for each sample set.   
 Biological Assessment of Substrates – Dynamic Platelet Function Assay 
(DPFA) 
Haematological assessment of each substrate fabricated within this research was 
measured using the Dynamic Platelet Function Assay (DPFA) system developed by 
the Royal College of Surgeons in Ireland (RCSI), Dublin, Ireland 15,99,104. This RCSI-
DPFA system comprises a parallel flow chamber architecture for platelet function 
testing and the schematic for which is shown in Figure 3.4. The parallel plate flow 
chamber comprises a top plate with a pre-cut flow channel and input/output ports 
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which is placed on top of the various glass slide substrates spin coated with a 
PS/PMMA layer or the embossed PMMA samples. A self-adhesive gasket is used to 
seal the two parts of the assembly together and thereby create the discrete flow path 
within the flow chamber.  
 
Figure 3.4 Schematic breakdown of the synthetic substrate incorporated with the 
DPFA top plate, representing the simplified in vivo environment. 
3.8.1. Blood collection 
Blood donors within this research were healthy volunteers who had not taken any 
medication that is known to affect platelet function, and all gave informed consent for 
their participation. Blood collection was carried out under clinical conditions at 
Beaumont Hospital, Dublin, Ireland. Blood was taken through a 19-gauge Sarstedt 
Safety Needle into an S-Monovette 9NC collection tube (Sarstedt, Wexford, Ireland) 
containing the anticoagulant solution trisodium citrate dihydrate (final concentration 
of 0.32%, 1:9 ratio of citrate to blood). Donor age and gender were recorded. Platelet 
indices were measured at the time of donation using a Sysmex KX21N (Sysmex, 












which details % amount blood cells (leukocytes, erythrocytes, platelets) and platelet 
indices. Of these values, the platelet count (PLT), mean platelet volume (MPV), 
haematocrit (HCT) and platelet-large cell ratio (P-LCR) were monitored. These four 
platelet indices were considered due to their link to platelet activation128.  All donors 
had a platelet count within the accepted normal range of 150 – 450 x103/μl 3.  
3.8.2. Dynamic Platelet Flow Assay (DPFA) Measurements 
The assembled flow chambers were mounted on a Zeiss Axiovert-200 epifluorescence 
inverted microscope (Zeiss, Ireland). The fresh blood samples from volunteer donors 
were placed in a Eppendorf tube and 1µM 3-3’-dihexyloxacarbocyanine iodide 
(DIOC6), a lipophilic dye that emits light at 488nm, added to stain the platelets. 
 
 
Figure 3.5 Schematic representation of the Royal College of Surgeons, (Dublin 
Ireland) Dynamic Platelet Function Assay (RCSI-DPFA) test apparatus104. 
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Figure 3.5 shows the assembled DPFA process where a NEMESYS syringe pump was 
then used to perfuse the “stained” whole blood across the parallel flow path at flow 
rate (Q) of 75 µl/min corresponding to an arterial shear rate (γ) of 1500 s-1 equivalent 
to that experienced on the inner lumen of small arteriole vessels. Fluorescent images 
of the flow path were obtained using a vacuum-cooled (-80 ˚C) digital iXON EM+ 
CCD camera (Andor Technology, UK) in video capture mode connected to a 
MetaMorph (Molecular Devices Ltd., UK) and illuminated with an Osram 103-W 
light source equipped with a fluorescein iosthiocyanate (FITC) filter set (Chroma 
Technology Corp, Vermont, USA) providing excitation and emission at 490 nm and 
528 nm, respectively.  
At the outset of the blood perfusion process, the video stream is monitored in real time 
and when the first platelet sticks to the surface, a recording of 1000 images at 19 
frames per second (fps) is attained with a x20 objective lens (field of view 502 x 501 
pixels). This is immediately followed by capture of 1 frame every 2 seconds over a 4-
minute period (120 frames), designated as the time lapse sequence. This protocol was 
kept consistent with previous work completed using the DPFA assembly14,15. In all 
cases, a quantitative assessment of the platelet interaction with the surface was 
undertaken, based on measurement taken from the final frame (i.e. 120/120) of this 
latter image acquisition sequence. 
3.8.3. Calculation of the platelet surface coverage  
At the end of the analysis sequence, images were imported into the ImageJ software 
package (NIH, Bethesda, USA) where they were adjusted in terms of brightness and 
contrast to provide for clear differentiation between the adhered platelets and the 
background surface features. These data files were then imported into the “Volocity” 
image processing software package (Perkin-Elmer, UK) and the platelet interaction 
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surface coverage calculated using the ‘find objects by % intensity’ tool. This analysis 
was carried out with acceptance limits set to values of 45 (lower limit) and 100 (upper 
limit). Figure 3.6 shows the outcomes achieved by processing (a) the raw (.tiff file) 
image to attain (b) adjustment of brightness/contrast in ImageJ and (c) subsequent 
representation of fluorescent pixel counts in the Volocity®.  
 
Figure 3.6 Image analysis processing steps from (a) raw .tiff frame through (b) ImageJ 





Areas of interaction were measured in respect to the pixels associated with the adhered 
platelets and % surface coverage calculated by dividing these values by the total 
number of pixels present.  
3.8.4. Analysis of dynamic platelet tracking parameters 
Image stacks were analysed using an algorithm routine devised to interpret 
information relating to the dynamic kinetics platelets on the immobilised vWF 
substrate sensor surface15,59,104. In this regard, platelet adhesion and aggregation 
involves a series of reversible and irreversible  actions which  can be described by a 
set of four equations, the origins and development of which are described by Ralph et 























where Koff = detachment rate  
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 Kon2 = stable adhesion 
Kon1 = transient adhesion 
Nplatelet = number of platelets within field of view 
Nplatelet1 = number of platelets transiently adhered 
Nplatelet2 = number of platelets stably adhered 
 
 Ntracks = total number of platelets that appear within the 
whole image stack 
 
 N0 = Platelet Count (PLT) × volume  
Based on these equations, a range of kinetic parameters associated with platelet-
surface interactions have been investigated for the spin coated PS/PMMA samples 
created herein. The reporting and interpretation of this data are then based on the 




Table 3.4 Description of parameters measured within the algorithm used to quantify 
dynamic platelet kinetics on spin coated PS/PMMA surfaces. 
Parameter Description 
Ntracks 
Total number of valid platelets recorded, with the exclusion of 
very short or very small platelets which are deemed to be 
potential noise. Reduction in the number of Ntracks indicates a 





The number of platelets that are stably adhered to the surface 
presented as a fraction of Ntracks. This is defined as those that 
move < 1.5 times their own radius over the 1000-frame analysis. 
Biologically, this refers to the number of platelets that initially 





Mean distance travelled by translocating platelets: a decrease in 
this value may indicate increased signalling within the platelet 
which leads to faster activation of GP IIb/IIIa, reducing the 




The mean velocity is an indication of how fast platelets are 
translocating. A reduction in platelet translocation speed may 
signify, in biological terms, increased signalling within the 




Denotes the number of platelets which adhere and remain on the 
surface, regardless of whether they translocate or not. 
 
Using the algorithm in its original form showed slight discrepancies in the adhesion 
rate which, when considered, was assumed to be due to the difference in image capture 
rate (30fps for endogenous samples) so an adjustment was made to account for capture 
at 19fps. Some variation was observed in the number of platelets on the surface at the 
beginning of real-time monitoring and so the equations needed to be amended to 
correctly include the time zero effect which changes the boundary condition (Nplatelets 
= Ntracks at t=0 of observation). The parameters were augmented to include a 
parameter called ‘Fraction Sticking’ derived from the binding rate analysis as: “k_on,2 
/ (k_on,2 + k_off)”. It denotes those platelets that adhere and remain on the surface, 
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irrespective whether they translocate or not. Throughout this body of work, this 
modified platelet algorithm will be referred to as the ‘autologous platelet algorithm’. 
  
  Statistics 
All experiments were conducted with a minimum of three replicates so that statistical 
comparisons could be made. Where appropriate, statistical analysis was performed 
using Prism software (v8.0.2, GraphPad Software Inc., USA). T-tests were used where 
there were only two sample sets, with p value < 0.05 to determine statistical difference. 
The results are presented as mean ± standard deviation, unless otherwise stated. 
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4. Surface Properties to Induce a Direct Thrombogenic 
Response within a Dynamic Platelet Function Assay 
 Introduction  
Rapid and accurate platelet function testing (PFT) is essential for the diagnosis of 
bleeding disorders such as von Willebrand disease (vWD). Moreover, the need for a 
dynamic assay that is capable of analysing platelet behaviour over appropriate time 
periods under physiologically relevant conditions has been well recognised12,13. As 
described previously in this thesis, current platelet function assays are limited by way 
of their static form of operation, i.e. they do not take account of vital physiological 
conditions such as the effects of the shear rate that is present in pulsatile flowing 
blood72,129,130. Recent advances in the area of PFT have involved the use of a bespoke 
parallel platelet flow chamber that is capable of passing small volumes of blood over 
an assay sensor surface under physiologically relevant levels of wall shear force131,132. 
These flow chambers employ a substrate which is functionalised with a chemical or a 
protein capable of interacting with platelets in order to create a standardised approach 
to a clinical diagnosis. A significant advancement in this area has been the 
development of an assay that uses a sensor substrate that has been coated with 
immobilised von Willebrand Factor (vWF)12,104. While this form of dynamic platelet 
function assay (DPFA) is a significant advancement on the current approach to PFT, 
it is clear that it could be further improved by the inclusion of a sensor surface that is 
capable of entrapping vWF directly from the whole blood that flows over it, such that 
subsequent platelet interaction occurs in the same sample, thereby yielding a patient-
specific DPFA device99.  
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Previously published studies have shown that platelets can interact directly (adhere 
transiently, roll, stick, etc.) with polymer systems that have certain forms of surface 
nanotopography14,109,133. However, one of the critical limitations of this form of 
surface processing is a lack of reproducibility in the resulting surface features. In this 
chapter, a means to enhance the regularity of the surface topography that is created by 
spin coating a polystyrene (PS)/poly (methacrylate) (PMMA) demixed solution onto 
glass substrates has been explored. In particular, the polymer demixed thin film 
deposition process has been augmented by the introduction of specific numbers of 
50µm diameter PS microspheres to create a more regular and reproducible distribution 
of the surface topographical features. 50 µm microspheres were selected as they were 
outside the range of average particle size distribution for the PS (Mw=290,000) used 
in the core demixed blend (25PS75PMMA in chloroform). Addition of this size of  
microspheres was chosen so that they would be large enough to disrupt the original 
PS distribution during spin coating without causing a drastic change in resulting 
features i.e. the desire is for the formation of nanopits as opposed to nanoisland 
features. The ability of these PS/PMMA + 50 µm PS spin coated surfaces, to facilitate 
platelet interactions from whole blood that is passed over them at arterial shear rates, 
has been investigated with the aim of creating a form of a more reproducible patient-
specific DPFA assay.  
In all cases, the distribution of PS in PMMA that results from spin coating 
solutions has been examined by optical microscopy (OM); the resulting topographical 
features characterised by atomic force microscopy (AFM) and the associated surface 
chemistry confirmed by x-ray photoelectron spectroscopy (XPS). Collaboration with 
Royal College of Surgeons, Dublin has facilitated the use of a well characterised 
DPFA system (that normally operates with immobilised vWF assay substrates) to 
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study the nature and scale of platelet interactions on the novel PS/PMMA substrates 
with and without 50 µm diameter PS microspheres in blood that is flowing at arterial 
shear rate (1500 s-1). 
 
 Properties of 25PS75PMMA Polymer Demixed Surfaces   
Based on a consideration of the findings from prior work14, thin film spin coated 
surfaces created from a 25% PS/75% PMMA solution in chloroform (25PS75PMMA) 
were deemed to be the starting point for refinement of the DPFA substrate. 
Specifically, the topographical features created from this specific polymer demixed 
system has been proven to be capable of entrapping autologous vWF so to provide the 
conditions for platelet binding thereon14,15. In order to fully understand the chemical 
and topographical properties of the 25PS75PMMA surface, elemental composition 
analysis, physical characterisation and haematology testing were carried out. In this 
way, the resulting data will act as a baseline for subsequent refinements of the system 
within the context of the DPFA requirements. 
Optical micrographs for three distinct areas (edge, centre and off-centre) across 
the spin coated 25PS75PMMA substrate surface are shown in Figure 4.1 and indicate 
that the PS is distributed within PMMA in two distinct patterns: (i) honeycomb-like 
structures located primarily at the centre of the spin coated layer and (ii) striations 
which are seen to radiate outwards from the centre of the slide. This patterning can be 
explained by the use of a spin coating fabrication technique, in that the radial striations 
result from the centrifugal force pulling the casting solution outwards upon rotation. 
Since this force is at its lowest at the centre of the glass slide, a more disorganised 
structure occurs where the solution is not under centrifugal force to the same extent. 
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Figure 4.1 Optical micrographs of (a) edge, (b) centre and (c) off centre areas for a 
spin coated 25PS75PMMA substrate. Scale bar 100 µm. 
 
By way of a comparison, the 25PS75PMMA solution was dispensed onto a glass slide 





in the absence of centrifugal force. Optical micrographs for these surfaces are shown 
in Figure 4.2.  
 
Figure 4.2 Optical micrographs for (a) edge, (b) centre and (c) off centre locations of 






In this case, the two distinct patterns seen previously for the spin coated samples are 
absent; with the PS distributed as particles throughout the PMMA component thereby 
confirming that the striations and honeycomb structures seen in Figure 4.1 are indeed 
a result of the centrifugal forces which occur when the substrate is spun.  
 Figure 4.3 (a)-(c) shows 10 µm x 10 µm 3D pseudo-colour AFM images for 
the areas examined by optical microscopy (i.e. edge, centre and off-centre) recorded 
in tapping mode, alongside line profiles for the 25PS75PMMA sample generated 
across the x-y midpoint of each of the 10 µm x 10 µm AFM images. In general, the 
25PS75PMMA substrate presents a topography which represents a combination of 





Figure 4.3 10 µm x 10 µm 3D pseudo-colour AFM images of (a) edge, (b) centre and 
(c) off centre areas of a spin coated 25PS75PMMA substrate (colour scale ± 100 nm) 
with corresponding line profiles of the (d) edge, (e) centre and (f) off centre generated 
from x-y midpoint. 
 
Figure 4.3 indicates that the topography of this 25PS75PMMA polymer demixed 
surface is a combination of micron scale features with FWHM in the range ~ 2 to 4 
µm and nanoscale features with FWHM in the range ~ 100 nm to 1 µm. The feature 
heights are in the range -70 nm to +50 nm. The corresponding surface roughness 







































































Polymer controls were introduced as a baseline for comparison. Three different 
surfaces were used – solvent cast PMMA, 100% spin coated PMMA and 100% spin 
coated PS. Figure 4.4 provides 3D pseudo-colour AFM images from 10 µm x 10 µm 
areas of 100% PMMA and 100% PS spin coated films on glass substrates, 
respectively. AFM analysis was not possible on solvent cast PMMA substrates due to 
their high magnitude of roughness. Surface calculated roughness parameters for spinc 
coated PMMA are Ra = 0.32 ± 0.01 nm, Rq = 0.53 ± 0.02 nm and for PS are Ra = 0.96 
± 0.01 nm, Rq = 1.33 ± 0.04 nm which indicate that each polymer results in a generally 
smooth spin coated layer surface.  
 
Figure 4.4 10 µm x 10 µm 3D AFM images of surfaces created by spin coating 
solutions of 100% (a) PMMA and (b) PS in chloroform with corresponding line 


















































Interestingly, the PS surface exhibits nanoscale pitting whereas PMMA surfaces show 
nano-protrusions. This explains the topography that is observed for the 25PS75PMMA 
system under the centrifugal force conditions experienced during spin coating. Surface 
chemistry analysis of the spin coated 25PS75PMMA sample was carried out to 
determine the chemical composition of the surface region. Figure 4.5 shows (a) a 
typical wide-energy survey scan (WESS) and associated high-resolution spectra for 
(b) the carbon (C 1s) and (c) the oxygen (O 1s) regions.  
 
Figure 4.5 XPS spectra for spin coated 25PS75PMMA surfaces on glass substrates: 





































Charge correction was applied via calibration of the C-C aliphatic peak to 285.0 eV. 
Overall, four peaks were identified within the C 1s region at 285.0, 285.7, 286.8 and 
289.0 eV; relating to C-H hydrocarbon, C-C-O beta-shifted carbon, C-O methoxy 
group carbon and O-C=O carbonyl bonding, respectively. Analysis of the O 1s 
component indicated a doublet consisting of two peaks at 529.1 and 530.7 eV, 
corresponding to C=O carbonyl and O-C methoxy group.  
The corresponding quantitative data for this substrate is displayed in Table 4.1 
along with those of obtained for the polymer control samples, for comparison. The 
data are reported as the average (n=3) % atomic concentration for both C 1s and O 1s 
contributions ± standard deviations. 
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Table 4.1 XPS derived % atomic concentration values of both C 1s and O 1s 
contributions for polymer demixed 25PS75PMMA sample with data for pristine 
PMMA and PS. 
Sample Type Sample  % C 1s %  O 1s % C 1s % O 1s 
Solvent Cast 
PMMA 





2 77.02 22.98 
3 74.95 25.05 
100% PMMA 





2 80.35 19.65 
3 79.82 20.18 
25PS/75PMMA 





2 79.23 20.77 
3 79.43 20.57 
Solvent Cast 
25PS75PMMA 
1 76.47 23.53 




2 76.71 23.29 
3 76.24 23.76 
100% PS 
1 100    
2 100    
3 100    
 
Hence, these spectral data indicate that the surface chemistry is definitively only that 
of PMMA.  
 
 Biological Assessment of 25PS75PMMA Polymer Demixed Surfaces  
DPFA measurements were carried out on the spin coated 25PS75PMMA samples as 
per the set up shown in Figure 3.5 Samples were mounted in the flow chamber 
assembly and flushed with phosphate buffered saline (PBS) in situ. Whole blood from 
a healthy donor (designated as Healthy Donor 1) that had been labelled with the 
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lipophilic dye 3,3′-dihexyloxacarbocyanine iodide (DIOC6), was perfused across the 
flow channel surface at an equivalent arterial shear rate of 1500 s-1 for a total of 240 
seconds. A profile of the blood from Healthy Donor 1 is provided in Table 4.2 
including platelet count and the factors that influence same. Platelet interactions with 
the spin coated 25PS75PMMA surface were recorded by fluorescent microscopy using 
a CCD camera at a rate of 1000 frames at 19 frames per second, followed by 120 
frames taken as 1 frame every 2 seconds over a 4-minute period, designated as the 
time lapse sequence. The final frame (120/120) of the time lapse was then used to 
calculate the % platelet surface coverage on the substrate.  
Table 4.2 Blood profile for a healthy donor consisting of platelet count and additional 
platelet indices used for 25PS75PMMA DPFA measurements. 
Name Donor1_220617 Haematocrit (HCT) 44.2% 
Age 24 Platelets (PLT) 217x10
3/µL 
Blood Type O Mean Platelet Volume (MPV) 10.3fL 
Gender Female P-LCR 25.8% 
 
Figure 4.6 shows a typical final frame from the 120/120 frame of the time-lapse 
fluorescent microscopy image set with adhered platelets seen as bright spots and 
clusters against the dark background.  
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Figure 4.6 Final frame (120/120) from the time lapse sequence for a spin coated 
25PS75PMMA substrate showing positive fluorescent platelet adhesion. Scale bar 50 
µm. 
 
To further investigate the scale of platelet interaction with this surface, quantitative 
image analysis was carried out to obtain a value for total percentage surface coverage. 
A surface coverage of 14.5% was calculated for the spin coated 25PS75PMMA 
substrate (Figure 4.6). However, one single test is not robust enough to determine 
feasibility.  
In order to investigate the reproducibility of the platelet function measurements 
on the spin coated 25PS75PMMA substrate, a second set of experiments were 
performed at n = 5 using the same donor blood (Health Donor 1 – Table 4.2).  Figure 
4.7 (a) – (e) shows the final frame images (120/120) from the time lapse sequence for 
each of the five replicate surfaces. 
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Figure 4.7 Fluorescence micrographs of whole blood DIOC6 labelled platelets in 
frame 120/120 for each 5 replicates (a) to (e) of the spin coated 25PS75PMMA 
surface. Scale bar 50 µm. 
The calculated surface coverage for the five individual substrates are provided in  
Table 4.3 with the average value determined to be 13.9 ± 6.6%. 
Table 4.3 Average % surface coverage (n = 5) and standard deviation values for 
25PS75PMMA spin coated surface. 











Consideration of the high standard deviation value that is associated with the 
measurements within this sample set reflects the spread of values of the calculated 
percentage coverage. In order to better understand the platelet activity over time rather 
than solely at the 120/120 time point, the platelet interactions within frames at intervals 
across the time lapse sequence were selected and analysed. Figure 4.8 shows the still 
frames at 0, 60, 120, 180 and 240 seconds. The presence of adhered platelets in image 
(a) is noted and is deemed to be due to the recording of 1000 frames initially to allow 
for the threshold accumulation of vWF to facilitate platelet adhesion. 
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Figure 4.8 Images of platelet interaction with the spin coated 25PS75PMMA surface 
across at (a) 0, (b) 60, (c) 120, (d) 180 and (e) 240 seconds. Scale bar 50 µm. 
 
Platelet growth can be seen across five timepoints within the time lapse series, to 






0 seconds – 0.84 %
60 seconds – 4.48 %
120 seconds – 7.11 %
180 seconds – 9.02 %
240 seconds – 16.23 %
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quantitative analysis of the percentage surface coverage for these static images are 
also recorded. Platelet interaction escalates by way of a 15.39% increase across the 4-
minute period. Between frame (a) and (b) surface coverage grows by 3.64%, however 
from this point up until (d) 180 seconds, this rate of growth decreases before a last 
upsurge of an additional 7.21% of platelets covering the substrate. At this stage, 
platelets are now forming thrombi and both vWF and platelets are causing platelet 
activation. 
 
 Properties of Augmented Polymer Demixed Surfaces  
Variance seen within the 25PS75PMMA study, would suggest that a more 
reproducible PS/PMMA demixed topography may produce a more consistent platelet 
interaction. To this end, uniform PS microspheres of diameter 50 µm, were introduced 
into the 25PS75PMMA spin coating solution in varying ratios as follows: 1:2 (1500 
microspheres/ml), 1:4 (750 microspheres/ml) and 1:8 (375 microspheres/ml). The PS 
microspheres to base demixed PS/PMMA blend  ratios selected for investigation were 
chosen as a starting point, to determine the number of microspheres required to have 
an effect on surface topography. This decision was incorporated with the anticipation 
of disrupting the fluid mechanics which were previously at play, in a bid to create a 
modified topography134. 
Optical micrographs for two distinct areas (edge and centre) on substrate surfaces 
created by spin coating from 25PS75PMMA solutions augmented with (a, b) 1500, (c, 
d) 750 and (e, f) 375 PS microspheres/ml are shown in Figure 4.9. Further analysis of 
the off-centre area was suspended due to the fact that blood does not come into contact 
with this area. These data indicate that the PS is still distributed within the PMMA in 
two distinct patterns: (i) honeycomb-like structures located primarily at the centre of 
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the spin coated layer and (ii) striations which are seen to radiate outwards from the 
centre of the slide. As was the case for the standard 25PS75PMMA spin coated surface 
(Figure 4.1), this patterning is a consequence of the centrifugal force pulling the 




Figure 4.9 Optical micrographs for (a, b) 25PS75PMMA_1500, (c, d) 
25PS75PMMA_75 and (e, f) 25PS75PMMA_375 thin films taken at the central area 








AFM was employed to determine whether the introduction of the PS microspheres 
yielded any discernible differences in topography for the spin coated demixed polymer 
surfaces. Figure 4.10 shows 10 µm x 10 µm 3D pseudo-colour AFM images and line 
profiles, representative of the topography of spin coated films created from 
25PS75PMMA solutions augmented with (a, d) 1500 (b, e) 750 and (c, f) 375 PS 
microspheres/ml. In general, the resulting microstructure is similar to that obtained for 
the 25PS75PMMA solution, comprising a combination of pits and islands across the 
surface with micron size features overlaid with nanoscale structures as per previous 
research findings14,109,133.  
 However, increasing the number of 50 µm PS microspheres/ml in the spin 
coating solution results in a more regularly defined set of surface features. The 
associated line profiles indicate that addition of +375 microspheres/ml results in the 
same mixed micro/nano-scale topography as seen in the 25PS75PMMA base solution 
with microscale features of FWHM ~ 2-3 µm overlaid with nanoscale structures of 
FWHM ~ 100-500 nm (Figure 4.10 (f)). The corresponding data for spin coated 
surfaces created with +750 microspheres/ml (Figure 4.10 (e)) show slightly more 
refined features with peak heights ranging up to 30 nm-50 nm. The image and line 
profile data for the +1500 microspheres/ml spin coated surface show features that are 
significantly more regulated ranging in FWHM from ~ 100 nm up to 1 µm. Clearly, 





Figure 4.10 10 µm x 10 µm 3D pseudo-colour AFM images of spin coated thin films 
created by augmenting the 25PS75PMMA base solution with microspheres (colour 
scale ± 100 nm) at 1500 (a)  750 (b) and 375/ml (c) with corresponding line profiles 
generated from the x-y midpoint. 
 
XPS was again used to determine the nature of the surface chemistry of the spin coated 










































































Figure 4.11 WESS for the augmented polymer blends corresponding to (a) 
25PS75PMMA_1500, (b) 25PS75PMMA_750 and (c) 25PS75PMMA_375. 
 
Figure 4.11 shows WESS data for each solution which are all very similar to that seen 
for the 25PS75PMMA thin film (Figure 4.5). The corresponding deconvoluted high-









Figure 4.12 XPS high resolution spectra spin coated surfaces created from (a, b) 
25PS75PMMA_1500, (c, d) 25PS75PMMA_750 and (e, f) 25PS75PMMA_375 
solutions. 
 
Charge correction was once again applied by way of the C-C aliphatic peak to 285.0 
eV. As the number of microspheres/ml increase, so too does the intensity of the C-H 
aliphatic carbon peak at 285.0 eV, whilst the contribution from the O-C peak at 533.8 
eV decreases. Quantitative analysis of atomic concentration (%) for  O 1s and C 1s is 
recorded in Table 4.4. Broadly speaking, all augmented substrates contain the four 







































































Table 4.4 XPS derived % atomic concentration values of both C 1s and O 1s 
contributions for augmented polymer demixed 25PS75PMMA blends. 
Sample Type Sample  % C 1s %  O 1s % C 1s % O 1s 
25PS75PMMA_
1500 
1 80.28 19.72 
80.13 ± 1.59 19.87 ± 1.59 2 81.64 18.36 
3 78.47 21.53 
25PS75PMMA_
750 
1 80.26 19.74 
78.45 ± 2.96 21.55 ± 2.96 2 80.06 19.94 
3 75.04 24.96 
25PS75PMMA_
375 
1 78.52 21.48 
77.28 ± 1.10 22.72 ± 1.10 2 76.89 23.11 
3 76.42 23.58 
 
As indicated previously, PMMA has an average % atomic concentration of 76% C 1s 
and 24% O 1s. Augmented substrates show a mean % atomic concentration for O 1s 
ranging from 19.9% up to 22.7%. When compared with the previous 25PS75PMMA 
surface and polymer controls, all substrates display a typical PMMA chemistry. Slight 
fluctuations within the sample may be indicative of surface contamination or a change 
in the orientation of the polymer chain135.  
 
 Biological Assessment of Augmented Polymer Demixed Surfaces 
Representative platelet interactions for each of the microsphere augmented substrates 
are shown in Figure 4.13, using blood from Healthy Donor 1 (Table 4.2). These 
samples were run individually as one-off analyses to assess the feasibility of the 




Figure 4.13 Time lapse frame 120/120 images for platelet interactions on (a) 
25PS75PMMA_1500, (b) 25PS75PMMA_750 and (c) 25PS75PMMA_375 spin 
coated surfaces. Scale bar 50µm. 
 
A visual inspection of these images suggests that platelet activity is more pronounced 
on the 25PS75PMMS_375 surface (Figure 4.13(c)).  Final frame analysis confirmed 
that 25PS75PMMS_375 had the highest platelet coverage of 24.8%, followed by the 
25PS75PMMA_750 with 6.8% with the 25PS75PMMA_1500 surface producing a 
surface coverage of 26.2%. As indicated earlier, AFM characterisation of the 375 
microspheres/ml films showed them to have a very similar topography of the original 
25PS75PMMA surfaces and as the key objective here is to develop a DPFA substrate  
which has a more pronounced nanotopography, it was decided not to pursue this 
surface in further blood studies.  
As the 25PS75PMMA_750 and 25PS75PMMA_1500 surfaces showed 
differences in resulting topography, both were further investigated in respect to their 
reproducibility (n = 5) in platelet function measurements using Healthy Donor 1 blood 
(Table 4.2). Figure 4.14 (a-e) shows the 120/120 image frame in the time lapse 
sequence for each 25PS75PMMA_750 sample with the corresponding quantification 




Figure 4.14 Fluorescence micrograph images at the 120/120 frame in the times lapse 
sequence of whole blood DIOC6 labelled platelets adhered to the 25PS75PMMA_750 
spin coated surface of each of 5 replicates (a – e). Scale bar 50 µm. 
 
Visual inspection indicates a high level of platelet adhesion on three out of five 
replicates (a, b and e) with (c) and (d) having a reduced level of interaction, as 
compared to the standard 25PS75PMMA thin film substrate. The average surface 
coverage value of 19.08% is the highest of any sample studied to date. However, the 
large value for the standard deviation (12.6) confirms the sample to sample variation. 
The corresponding 120/120 image frames in the time lapse sequence for the 
25PS75PMMA_1500 sample set (n = 5) are provided in Figure 4.15 (a)-(e), with the 





Figure 4.15 Fluorescence micrograph images at the 120/120 frame in the times lapse 
sequence of whole blood DIOC6 labelled platelets adhered to the 
25PS75PMMA_1500 spin coated surface of each of 5 replicates (a – e). Scale bar 50 
µm. 
 
Platelet interaction in this substrate, can be said to follow similar trends as the base 
25PS75PMMA substrate. Analysing the mean and standard deviation of the replicate 
studies, show the 25PS75PMMA_1500 substrates have a lower overall % of surface 
coverage alongside a significantly lower standard deviation. This would suggest that 







Table 4.5 Quantitative image analysis data of average % surface coverage and 
standard deviation for spin coated surfaces created with 25PS75PMMA augmented 
with 750 and 1500 50 µm PS microspheres/ml.  
















However, the main goal here is to fabricate a surface with topography which is capable 
of eliciting a platelet response across the whole area, to yield as close to 100% surface 
coverage as possible. From this perspective, it was determined that the similarity 
between the 25PS75PMMA surface coverage of 13.89% and the 1500 
microspheres/ml substrate coverage of 10.88% meant that moving forward focus was 
put on the base 25PS75PMMA substrate alongside the most different substrate, in this 
instance 25PS75PMMA_750. 
In order to better understand the nature of the 25PS75PMMA_750 surface 
microstructure in more detail, five 40 µm x 40 µm areas across the 800 µm long flow 
channel of the DPFA device (left, mid-left, centre, mid-right and right areas) on each 
of the 5 replicate samples were examined by AFM to give a total of 20 areas analysed 
in all. Figure 4.16 shows representative 40 µm x 40 µm 3D AFM images samples of 
the left, mid-left, centre, mid-right and right areas of the distance.  
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Figure 4.16 40 µm x 40 µm 3D AFM images of the nanotopography at the (a) left, (c) 
mid-left, (e) centre, (g) mid-right and (i) right sections of the channel (colour scale ± 





















































































































Surface roughness reported as Ra and Rq values, for the 25PS75PMMA_750 surface 
along with data for the standard 25PS75PMMA substrate and a 100% PMMA spin 
coated thin film are provided as averages in Table 4.6. 
Table 4.6 AFM derived mean (n = 20) surface roughness (Ra) and root mean square 
roughness (Rq) values calculated from AFM data along the 800 µm channel study. 
Data for a spin coated 25PS75PMMA and 100% PMMA substrates included for 
comparison. 
 100% PMMA 25PS75PMMA 25PS75PMMA_750 
 Ra (nm) Rq (nm) Ra (nm) Rq (nm) Ra (nm) Rq (nm) 
Average 14.12 21.58 26.06 32.82 19.46 24.45 
Standard 
Deviation 
5.19 6.24 2.69 3.36 1.89 2.22 
 
The data for the 25PS75PMMA_750 surface returns an average Ra = 19.46 ± 1.89 nm 
and Rq = 24.45 ± 2.22 nm compared to values of Ra = 26.06 ± 2.69 nm and Rq = 32.82 
± 3.36 nm for 25PS75PMMA and Ra = 14.12 ± 5.19 nm and Rq = 21.58 ±  6.24 nm 
for the 100% PMMA spin coated sample. Surface roughness parameters show that 
there is a statistically significant difference (p = 0.05) between the AFM data obtained 
for each sample. These data indicate that the inclusion of the PS in PMMA has a 
moderate effect on the overall surface roughness but does influence the nature of the 
topography that results. Whereas, the spin coated 100% PMMA surface (Figure 4.4 
(a)) has a very regular and relatively smooth microstructure, introduction of 25% PS 
creates the micron scale structure overlaid with nanosized features (Figure 4.3). 
Introduction of the PS microspheres maintains the general polymer demixed 
micro/nano-scale surface structure but with slightly more pronounced nanofeatures.  
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 Dynamic Evaluation of Platelet Behaviour  
To enhance the evaluation of platelet function on the PS/PMMA spin coated polymer 
demixed surfaces, their dynamic interactions were assessed using a bespoke 
autologous platelet algorithm, which has been modified slightly from that used within 
the DPFA system operating with an immobilised vWF substrate. This process is 
undertaken using an extended 1000-frame image stack that includes a capture period 
prior to the on-set of thrombus formation in the time lapse video capture. In this way, 
both initial and later stage vWF-platelet interactions were measured using Donor 1 
blood. As a direct comparison, the Donor 1 blood was also tested on the immobilised 
standard DPFA assay substrate (Figure 4.17).  
 
Figure 4.17 Fluorescence micrograph images at the 600/600 frame in the standard 
protocol sequence of whole blood DIOC6 labelled platelets adhered to the control, a 
vWF immobilised surface of each of 5 replicates (a – e). Scale bar 50 µm. 
Several dynamic parameters were analysed by way of real-time tracking of individual 





Table 4.7 Dynamic platelet parameter values and blood indices derived for the 
algorithm analysis for Donor 1 blood on each spin coated surface, with inclusion of 



























19.12 ± 4.88 0.50 ± 0.21 2.52 ± 3.52 0.60 ± 0.30 
Detachment 
Rate (s-1) 
0.29 ± 0.12 1.06 ± 1.03 0.37 ± 0.47 0.78 ± 1.32 
Fraction 
Sticking 




217 217 217 217 
Haematocrit 
(%) 
44.2 44.2 44.2 44.2 
vWF (IU/dL) 47.6 47.6 47.6 47.6 
* No standard deviation values are reported for the platelet indices due to a single 
blood sample having been used for this analysis to eliminate a potential source error. 
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The data for the main dynamic parameters is shown in Figure 4.18. In comparison 
with the standard DPFA substrate control, the number of platelets (Ntracks) and the 
platelet adhesion rate are substantially lower. The fraction of platelets sticking on the 
spin coated PS/PMMA polymer demixed substrates is similar to each other and also 
to the control. However, the fraction of stably adhered platelets is similar amongst spin 
coated substrates but differs significantly from the control. Overall, the platelets 
appear to travel more slowly and over shorter distances on the synthetic surfaces, as 
compared to their behaviour on the immobilised vWF substrate.  
 
 
Figure 4.18 Graphical representation of four dynamic parameters, complete with 
statistical difference compared against the control using immobilised vWF (left). P 
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 Discussion  
The goal of the work reported in this chapter was to identify the surface characteristics 
(both physical and chemical) of spin coated PS/PMMA polymer demixed surfaces that 
provide a means to direct their interaction with platelets in flowing blood at arterial 
shear (1500 s-1) in the context of the requirements of the DPFA system. As indicated 
previously, the blood glycoprotein vWF is required to facilitate platelet adhesion and 
aggregation in vivo, i.e. as per the process that occurs in the event of damage to the 
endothelium. Hence, if a positive platelet response is observed from the PS/PMMA 
polymer demixed surfaces, then this is due to their capability to entrap vWF from 
flowing blood. Moreover, the environment in which this occurs also supports the 
subsequent uncoiling of the vWF which is essential to allow it to bind platelets. In this 
regard, the 3% 25PS75PMMA demixed system used as the starting point for this work 
has been shown to support platelet interactions by the direct vWF entrapment, 
uncoiling and binding15. Bishop et al. completed inhibition studies that involved use 
of the vWF-inhibiting 5D2 antibody and the platelet GP1b binding site inhibiting AK2 
antibody which confirmed that no platelet activity occurred without the required 
binding conditions being met14. 
Optical analysis of thin film coatings fabricated from spin coating of the 
25PS75PMMA polymer demixed blend solution in chloroform onto glass slides show 
two distinct patterns of the PS distributed in the PMMA: (i) honeycomb-like shapes 
in the centre of the slide and (ii) striations present radiating outwards. As long ago as 
1900, Bernard Marangoni136 observed hexagonal patterns on thin film layers and 
attributed the effects to buoyancy-driven convection associated with gradients in 
surface tension137. More recently, Mokarian-Tabari et al.138 have investigated the 
morphology of thin films prepared using solutions of PS/PMMA blends and concluded 
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that high evaporation rates cause instabilities as the film forms, resulting in the 
formation of Marangoni type cells. In the context of spin coating, a surface tension 
gradient forms due to the differing rates of evaporation of the chloroform solvent 
between the air-liquid interface and the bulk of the solution. As the film thins under 
the centrifugal force associated with the spinning substrate, the instability increases 
causing wave-like changes in the film that result in sudden fragmentation of the 
insoluble component (PS) into numerous lateral areas139 that are then isolated when 
the PMMA solidifies due to loss of solvent. Hence, the formation of an attendant 
surface microstructure is due to the resulting distribution of the PS in the PMMA. 
The topographies that are created as a result of spin coating of polymer blends 
have been heavily researched for a range of biomedical applications19,140,141, including 
the study of platelets thereon29,142. As indicated above, the specific topography of the 
spin coated 25PS75PMMA surface is deemed to be a consequence of centrifugal force 
in tandem with the demixing of the PS and PMMA in chloroform. AFM analysis of 
this surface reveals that it comprises micron-scale features overlaid with a nano-scale 
topography. The 25PS75PMMA features range from -50 nm and +70 nm in height and 
FWHM values anywhere between 100 nm to 4µm and these values are consistent with 
measurements reported in other studies115. D’Sa et al. reported average feature heights 
for a thin films spin coated from a 1% 25PS75PMMA solution as 27.7 ± 4.4 nm115 
with the difference in results reported here deemed to be due to the concentration of 
polymer solution employed. It is known that nature and scale of the topographical 
features created in this way can be linked to the PS weighting in the demixed 
formulation. Polymer controls of 3% 100% PS and 100% PMMA in chloroform were 
used to identify the single topographical traits of each polymer. 100% PS spin coated 
films yielded a pitted landscape with pits reaching a depth of -7.50 nm. In contrast, 
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100% PMMA thin films portrayed a surface with protrusions between 1-4.5 nm high 
with FWHM values of approximately 10 nm. From this, it can be understood why a 
50PS50PMMA blend produces a mixed nano-island/pit topography133, whereas if 
PMMA is over this 50% threshold, a landscape of primarily islands are created14.  
From XPS analysis of the surface chemistry, the spin coated 25PS75PMMA 
thin film was found to be solely that of PMMA within the uppermost 5-10 Å limit of 
the technique with no evidence of PS at the associated detection limits of (ca. 0.1% 
atomic concentration). The high-resolution spectra for O 1s and C 1s regions 
correspond directly to those determined by Beamson and Briggs127 for thin film 
PMMA in respect to the occurrence of four distinct carbon and two oxygen 
environments. At a theoretical level, the published literature would suggest that the 
component with a lower surface energy should enrich the surface143, which in this case 
it would mean that PS should be detected. However, the results obtained here can be 
explained by the thin film not reaching thermodynamic equilibrium121 due to the 
nature of the spin coating process involved. In this case, the polymers in question have 
insufficient time to reach equilibrium such that the resulting chemistry is attributed to 
other  factors, namely; substrate type118, film thickness144 and solvent volatility145. 
This also applies to the solvent cast 25PS75PMMA substrate, whereby the volatility 
of the chloroform results in a PMMA surface chemistry, due to equilibrium not being 
reached before evaporation. Further evidence for these effects are indicated by 
previous studies on physical and chemical characteristics of polymer demixed films146 
which illustrate the same resulting PMMA dominant surface chemistry as presented 
in this work. This PMMA enrichment of the uppermost surface can, in the main, be 
described by way of solvent effects119. PMMA has a significantly higher solubility in 
chloroform than PS and therefore under centrifugal force, the latter component is more 
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quickly diminished from the moving solution, forming a base layer which is 
subsequently coated with the still-fluid PMMA before total solvent evaporation 
leading to solidification. Tanaka et al.144 have also observed this behaviour for 
PS/PVME blends. Ton-That et al. have explained how a PS/PMMA blend in 
chloroform segregates into a bilayer system consisting of two distinct PMMA and PS 
phases146. These distinct layers then undergo phase separation by the solvent gradient 
mechanism147.  
The regularity or otherwise of the PMMA dominant surface chemistry across 
the 25PS75PMMA thin film was analysed. A large zonal analysis of the 
25PS75PMMA thin film system, comprising an 80-spot XPS study14, reports an 
average % atomic concentration of 25.03 ± 0.6% for O 1s and 74.97 ± 0.6% for C 1s 
with no statistically significant change in values across the regions analysed.  
As expected from previous studies, the 3% 25PS75PMMA spin coated 
surfaces exhibit a positive platelet response that is a consequence of topographical 
features and conditions being suitable for entrapment of vWF from whole blood that 
is flowing under arterial shear108. PMMA in its native form is deemed to be bioinert, 
however, when its surface is modified this material has been reported to support both 
cell115,148,149 and platelet14,15,108 response, as included in previous studies.  The nature 
and magnitude of this response is influenced by the surface structures150. However, 
there is conflicting evidence regarding the optimum topography to improve platelet 
adhesion. Koh et al. explored the effect of topography on platelet adhesions and 
reported that the optimal range of pillars on a surface needed to be between 300 nm 
and 800 nm in height, 100 – 200 µm wide and with interspatial distances of <200 
nm142.  Alternative polymers like poly(lactic-co-glycolic acid) (PLGA) have also been 
shown to support platelet adhesion when  both pristine and nanotextured surface are 
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used151. However, the data obtained from this previous study showed that irregularities 
occurred that were deemed to be due to the carboxylic acids groups within the graphite 
substrate that is formed as a result of the surface processing. Hence, it was not deemed 
to be appropriate for the work carried out here 
Platelets can be seen to adhere in linear formations (Figure 4.8) suggesting that 
during the early stages of blood flow, vWF multimers adhere to spin coated 
25PS75PMMA substrate. Platelet adhesion levels are seen to increase by 8.18% from 
frames (a) – (d) with a net increase in coverage and this is nearly doubled by an 
additional 7.21% surface coverage that occurs between the (d) 180 and (e) 240 second 
time points. The nature of the interaction of this time period suggests that a both 
platelet-platelet and platelet-surface interactions are involved, with the latter time 
points focusing on platelet-platelet interaction and thrombus growth151. The long, 
string-like nature of vWF means that it is highly responsive to shear forces. It is known 
that secreted uncoiled vWF chains are 100-1000 µm long when they initially bind to 
the surface of a damaged endothelium, surface in vivo. This would then suggest that 
the vWF that has attached to the 25PS75PMMA substrate polymer surface has quickly 
uncoiled in a way that exposes GP1b receptors to provide the correct orientation for 
platelets to subsequently adhere. 
Although the 3% 25PS75PMMA spin coated surfaces are directing platelet 
adhesion, the nature of the variation introduced by the fabrication process indicates 
that they do not offer the reproducibility necessary to ensure clinical diagnostic 
accuracy as part of the DPFA. Specifically, although they entrap vWF leading to 
subsequent patient-specific platelet interactions, there is variation across the flow 
region that is greater than that seen for the current immobilised vWF substrates. This 
observation is consistent with that of Minelli et al. whose PS/PMMA spin coated 
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surfaces also adhered platelets after exposure to (static) whole blood. However, overall 
coverage was sporadic with most platelets found to be adhered to larger surface 
features133. 
In a bid to create a uniform and reproducible surface topography that can direct a more 
consistent platelet response, PS microspheres of 50 µm diameter were added to the 
3% 25PSPMMA spin coating solution. It is proposed that introduction of these 
microspheres will disturb the centrifugal fluid mechanics during spin coating in a way 
that better regulates the micro/nano-scale topographical features produced. The 
principle of operation here is similar to that employed previously by Ton-That et 
al.123,142. Consideration has also been given to not introducing a third system to the 
blend and keep the percentage PS as close to the standard 25% as possible by adding 
small quantities in the range +375 to +1500 microspheres/ml of 25PS75PMMA spin 
coating solution.  
Optical microscopy analysis of surfaces with +375 microspheres/ml showed 
no discernible change being seen at this scale and also had little or no effect on the 
surface topography beyond that of the standard 25PS75PMMA system as seen in the 
associated AFM data. Increasing this number to 750 microspheres/ml does have a 
positive effect on the surface features with both regularity and size being affected. The 
average surface features are in the height range 40-50 nm with FWHM of 
approximately 1 μm. Increasing the number of microspheres further to +1500 
microspheres/ml, produces coatings with surface features which are more regularly 
distributed across the area analysed by AFM (10 µm x 10 µm). The average feature 
heights are now in the range 20 nm to 50 nm and FWHM is approximately 500 nm. 
As was the case for the standard 25PS75PMMA films, the surface chemistry is still 
deemed to be that of PMMA only, as determined by XPS analysis. However, the C 1s 
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regions do differ slightly in terms of the relative intensities of the four components 
which is suggestive of small differences in polymer orientation on the surface. Increase 
in the intensity of the carbon peak at 285.0 eV, coincides with a decrease in the oxygen 
peak at 533.8 eV. This may be attributed to an increase in the PS microspheres 
therefore increasing the C 1s contribution, or it may be a case of a change polymer 
chain orientation152.  
All the spin coated surfaces produced from 25PS75PMMA solutions 
augmented with 50 μm PS microspheres have been shown to be capable of vWF 
entrapment and to direct the uncoiling of same, to directly facilitate platelet adhesion.  
The surfaces created with 375 microspheres/ml shows similar surface coverage to that 
seen for samples created with standard cast solutions. However, in the case of the 
surfaces with the topography resulting from the presence of 750 microspheres/ml, the 
average surface coverage by platelets is greater than both the 25PS75PMMA and 
25PS75PMMA_375 surfaces, with distribution more evenly occurring across the 
whole region imaged. Some sample to sample (n = 5) variation in platelet surface 
coverage was observed for this surface type. Additional checks indicated that the Ra 
and Rq values were very similar for all three areas measured in each of five samples. 
Notwithstanding the changes to the surface topography, the corresponding 
25PS75PMMA_1500 samples show a platelet response that is again like the standard 
25PS75PMMA surface. This suggests that not only is the topographical feature size 
important, but so also is the regularity of its distribution across the region of interest. 
Based on these findings, it  is the 25PS75PMMA_750 surface features that are deemed 
to be an improvement on the provision of a polymer demixed surface that is capable 
of entrapping autologous vWF for use in the DPFA device, although it is recognised 
that its reproducibility still needs to be further improved. 
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Although the 25PS75PMMA_750 surface appears to provide superior amounts of 
platelet adhesion compared to 25PS75PMMA, this is only based on the field of view 
coverage at the 120/120 time point. Hence, it is not clear if this behaviour is 
comparable with that observed on the standard immobilised vWF substrate.  In the 
case of the latter analysis, a computer algorithm has been developed to better analysis 
the dynamic behaviour of the platelets which is applied to real-time image stacks to 
analyse number of platelets, platelet velocity and even distance travelled59. This 
algorithm has been applied to each of the spin coated surfaces, alongside a set of 
control surfaces (immobilised assay) and statistical comparisons were made. A minor 
modification has been made to the original code to allow for more accurate calculation 
of platelet attachment and detachment rates (kon, koff) on the synthetic surface
107. Based 
on interpretation of the 120/120 frame image it may be assumed that the standard, 
immobilised vWF assay is superior in terms of the field of view platelet coverage, 
thereby suggesting that this surface is better at capturing platelets. However, it is 
important to also consider the dynamic behaviour of platelets on the spin coated 
PS/PMMA polymer demixed surface in order to evaluate how the topography and 
surface chemistry can entrap vWF from flowing blood. 
 Statistical analysis of the dynamic parameter data from the various surfaces 
showed significantly lower adhesion rates for all spin coated surfaces when compared 
to the immobilised vWF substrate. In a previous study, type O blood donors (n = 33) 
were tested on the immobilised vWF surface and an average value of 273 ± 130 
Ntracks was recorded59. However, the type O Donor 1 blood used here had a higher 
average Ntracks of 4985 ± 1009, a value which was on average ~18 times greater than 
that recorded for the synthetic surface. However, the actual values for the spin coated 
PS/PMMA demixed surfaces are closer to the published results. The main reason for 
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this difference may be attributed to the fact that the control surface has vWF in 
abundance, and in the correct conformation to adhere platelets instantaneously. By 
contrast, the spin coated surfaces require time for the vWF from the (Donor 1) flowing 
blood to accumulate on the surface and for it to subsequently uncoil before platelet 
adhesion can take place. Critically, Ntracks is a parameter which presumes that platelet 
interactions happen independently, and since it is evident from the fluorescent images 
that this is not the case for some of the spin coated surfaces, in that clumping due to 
platelet-platelet interactions is present, this may explain the large deviation of the 4985 
± 1009 value recorded for Donor 1 (Table 4.7) compared to the previously published 
blood group O results. 
The velocity at which platelets travel across the 25PS75PMMA (1.23 ± 0.81 
µm/s) is about 50% of that seen in the immobilised vWF assay data (2.41 ± 0.35 µm/s). 
Interestingly, this value does not change to any great extent for the PS microsphere 
augmented surface. The mean translocating distance travelled by platelets reduces 
from 4.64 ± 0.29 µm for the immobilised vWF control to 2.26 µm for 25PS75PMMA 
and 2.97 µm for 25PS75PMMA_1500. The relevant data from the published large 
cohort Type O donor study (n = 33) shows an average velocity of 4.60 ± 2.10 µm/s 
and a mean translocating distance of 5.77 ± 1.80 µm 59. Donor 1 (type O) values on 
the immobilised vWF control also show values close to this range. Platelet 
translocating speed and distance on spin coated PS/PMMA surfaces appear to increase 
with introduction of PS microspheres, but there is no significant statistical difference 
between these substrates. 
The control surface had significantly less (0.45 ± 0.02) fraction of stably 
adhered platelets, i.e. those that have travelled less than 3 µm, when compared to each 
of the spin coated PS/PMMA polymer demixed surfaces, range 0.73 – 0.76. This is 
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consistent with the behaviour observed for the translocating distance of platelets which 
was also reduced on the same surfaces.  
 There are no previous literature reports on these types of algorithm-derived 
dynamic platelet parameters in respect to polymer demixed thin films. Therefore, more 
studies are required to enable the validity of such datasets to be confirmed. However, 
it can be stated that as the vWF protein from flowing blood is indeed entrapped 
naturally by the PS/PMMA topography, in a manner that causes attachment 
mechanisms, that may not always be robust enough to withstand arterial shear thereby 
causing a higher detachment rate on the polymer demixed surfaces compared to those 
employing immobilised vWF.  
In summary, the fabrication of spin coated polymer demixed thin films on glass 
slides that are capable of entrapping autologous vWF in a form that can induce 
subsequent platelet interactions within the same patient blood sample, has been 
completed. These substrates show promise for use within a dynamic assay system; 
however, reproducibility of this surface is a limiting factor in its clinical utility. In an 
aim to improve this, the inclusion of varying numbers of 50 μm PS microspheres in 
the 25PS75PMMA blend was explored and showed a means of regulating the 
topographical features without changing the attendant surface chemistry. In particular, 
the addition of +750 microspheres produces highly reproducible surface features (50 
μm high; 1 μm FWHM) that entraps vWF in a manner that provides for an increased 
coverage across the field of view. However, there are still limitations to this surface 
and so within the next chapter we explore the manipulation of topography on a grander 
scale, looking at spin coating conditions to modify features and regularity of same, 
whilst continuing with blood studies to assess platelet adhesive properties to surfaces. 
The algorithm-based dynamic parameter assessment of platelet activity provides 
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5. Influence of an Ambient Atmospheric Pressure During 
Spin Coating on Polymer Demixed Surface Features  
  Introduction 
The work presented in the previous chapter shows that the topography of PS/PMMA 
polymer demixed thin films can be modified by way of introducing uniform 
microspheres into the casting solution while maintaining the same (PMMA only) 
surface chemistry. This effect has been attributed to a change in fluid dynamics that 
occur within the solution and the centrifugal forces that act during its distribution 
across the substrate in advance of solvent evaporation and associated coating 
formation in the presence of a positive pressure of nitrogen gas. To further understand 
the role that the gaseous environment and pressure has on these attendant surface 
properties, spin coating of the PS/PMMA solutions has been carried out under an 
ambient (air) atmospheric pressure153.  
These spin coated thin films have been examined by optical microscopy 
(OM), atomic force microscopy (AFM) and x-ray photoelectron spectroscopy (XPS). 
Platelet interactions thereon have been investigated in the DPFA system using blood 
flow at arterial shear rate (1500 s-1) from both a single donor and using different blood 
types to evaluate both inter- and intra-assay variation.  
 Properties of 25PS75PMMA_air Polymer Demixed Surfaces   
Optical micrographs from the centre and edge of the 25PS/75PMMA polymer 
demixed thin films created by spin coating in air at atmospheric pressure 
(25PS75PMMA_air), are shown in Figure 5.1. As observed previously, there are 
striations and honeycomb patterns present that are indicative of the PS distribution 
within PMMA that result from the centrifugal forces experienced during the spin 
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coating process. However, whereas these images show feature that are similar to those 
observed for the nitrogen-spun systems (Figure 4.1), they are more well defined and 
evenly distributed here. 
 
Figure 5.1 Optical micrographs of (a) centre and (b) edge areas for a spin coated 
25PS75PMMA_air substrate. Scale bar 100 µm. 
  
Notwithstanding the slight differences in PS distribution observed here, it is not 
possible to make a definitive statement regarding the role of air at atmospheric 
pressure versus nitrogen at a positive pressure. Figure 5.2 shows 40 µm x 40 µm 3D 
plots and corresponding line profiles for 25PS75PMMA_air substrates at three distinct 





Figure 5.2 40 µm x 40 µm 3D pseudo-colour AFM images at (a) edge, (b) centre and 
(c) off centre areas of spin coated 25PS75PMMA_air thin film surface (colour scale 
± 150 nm) with corresponding line profiles generated from the x-y midpoint. 
 
The topography that results here is different to that seen for the samples produced in 
the presence of a positive pressure of nitrogen during spin coating (Figure 4.4). In this 
case, the features observed have full width half maximum (FWHM) values ranging 
from 500 nm to 1 µm and peak to valley heights ranging from -100 nm to +75 nm. It 
is important to realise that these areas are on a larger scale as opposed to the 10 µm x 
10 µm areas. This change was implemented to enable a larger scale analysis of the 




















The corresponding AFM derived surface roughness indicate average Ra and Rq values 
of 22.30 ± 0.60 nm and 31.10 ± 2.50 nm, respectively.  
 Chemical analysis by XPS was employed to determine what, if any, effects 
spin coating at atmospheric pressure in air has on the resulting polymer surface 
chemistry. Figure 5.3 shows (a) WESS and associated high resolution peak fitted 
spectra for the (b) C 1s and (c) O 1s regions.  
 
Figure 5.3 XPS spectra for spin coated 25PS75PMMA_air surfaces on glass 





































As described earlier, the most intense aliphatic C-C peak attributed to adventitious 
carbon on the 25PS75PMMA_air sample was set to 285.0 eV as a means of additional 
charge correction. Thereafter, the four expected carbon environments associated with 
PMMA are seen to be present for this sample. Peaks are observed at 284.86, 285.55, 
286.77 and 289.02 eV, relating to C-H hydrocarbon, C-C-O beta-shifted carbon, C-O 
methoxy group and O-C=O carbonyl bond, respectively. C-H and beta-shifted carbon 
peaks have been identified separately for completeness. Analysis of the O 1s region 
indicated a doublet consisting of two peaks at 532.23 and 533.80 eV, corresponding 
to O=C carbonyl and O-C methoxy group oxygen. Quantification of the % atomic 
concentration is shown in Table 5.1. 
Table 5.1 XPS derived % atomic concentration data for peak fitted C 1s and O 1s 


















1 32.69 21.40 28.22 17.69 44.49 55.51 76.46 23.54 
2 32.92 20.20 29.92 16.96 45.85 54.15 77.09 22.91 
3 34.82 21.31 26.68 17.20 45.31 54.69 76.87 23.13 
Average 33.48 20.97 28.27 17.28 45.22 54.78 76.81 23.19 
Standard 
Deviation 
1.17 0.67 1.62 0.37 0.68 0.68 0.32 0.32 
 
 Biological Assessment of 25PS75PMMA_air Surfaces 
 The 25PS75PMMA_air substrates were then subject to DPFA analysis using the same 
protocol as that applied in Chapter 4. Whole blood from the same donor (Healthy 
Donor 1) was used initially to enable a direct comparison with the data presented for 
the samples spin coated in the presence of a positive pressure of nitrogen. The profile 
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and platelet indices for this donor blood measured at the date DPFA analysis is shown 
in Table 5.2.  
Table 5.2 Blood profile for a healthy donor consisting of platelet count and additional 
platelet indices used for 25PS75PMMA_air DPFA measurements. 
Name Donor1_181022 Haematocrit (HCT) 31.2% 
Age 24 Platelets (PLT) 224x103/µL 
Blood Type O Mean Platelet Volume (MPV) 10.8fL 
Gender Female 




Figure 5.4 shows the final frame fluorescence images (120/120) from the time lapse 
sequence for five replicates of the 25PS75PMMA_air surface.  
 
 
Figure 5.4 Fluorescence micrographs of whole blood DIOC6 labelled platelets in 
frame 120/120 for each of 5 replicates (a) to (e) of the spin coated 25PS75PMMA_air 




Upon visual inspection, all five samples display significant amounts of platelet 
interaction with only replicate (Figure 5.4 a) showing a noticeably smaller amount of 
adherence at the 120/120 time point. The ‘brighter’ areas on the images indicate the 
formation of 3D thrombi building in the flow channel. The calculated percentage 
surface coverage values are provided in Table 5.3 and report an average coverage of 
17.30 ± 6.80%.  
Table 5.3 Average % surface coverage values (n=5) and standard deviation for 
25PS75PMMA_air spin coated surface. 








The surface coverage here has increased by approximately +4% as compared to the 
value seen for 25PS75PMMA substrates spin coated in nitrogen (Table 4.3) while the 
standard deviation values calculated in both cases is very similar. Interestingly, it is 
quite clear that replicate (a) in Figure 5.4 makes a large contribution to the standard 
deviation value here. If only replicates (b) to (e) are used in this calculation, the 
average coverage increases to 19.60% and the standard deviation reduces to 5.00%.  
 In order to better understand platelet activity over time for this sample, images 
of replicate (c) (selected at random) at 60 second intervals between 0 and 240 seconds 
are shown Figure 5.5. 
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Figure 5.5 Fluorescence images of platelet interaction with the 25PS75PMMA_air 







0 seconds – 0.84 %
60 seconds – 4.48 %
120 seconds – 7.11 %
180 seconds – 9.02 %
240 seconds – 16.23 %
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The presence of platelets at time 0s (Figure 5.5 (a)) is due to the previous data 
collection period of 1000 frames at 19 fps, which leads to some initial adhesion. 
Platelet growth is observed in horizontal line formations once again, which supports 
the argument of von Willebrand Factor (vWF) uncoiling in a string conformation.  
 Properties of 25PS75PMMA_750_air Polymer Demixed Surfaces 
Figure 5.6 shows representative optical micrographs for thin films surface created by 
spin coating a 25PS75PMMA solution in chloroform augmented with +750 50µm PS 
microspheres per ml, in air at atmospheric pressure (25PS75PMMA_750_air). No 
change is observed in these micrographs compared to those recorded for the 
25PS75PMMA_air sample (Figure 5.1) with the PS distribution within the PMMA 
still resulting in striations and honeycomb-like assemblies. Again, these structures 
appear more ordered than those created by spin coating the same solution in nitrogen.  
 
Figure 5.6 Optical micrographs of (a) centre and (b) edge areas for a spin coated 
25PS75PMMA_750_air substrate. Scale bar 100 µm 
a b
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The AFM pseudo-colour 3D plots and line profiles for the 25PS75PMMA_750_air 
sample are shown in Figure 5.7. As before, these are 40 µm x 40 µm scans to enable 
a more comprehensible picture of the topography within the channel to be presented. 
 
 
Figure 5.7 40 µm x 40 µm 3D pseudo-colour AFM images at (a) edge, (b) centre and 
(c) off centre areas of a spin coated 25PS75PMMA_750_air thin film surface (colour 
scale ± 150 nm) with corresponding line profiles generated from x-y midpoint. 
 
The nature and distribution of the surface features observed here are similar to those 




















microspheres/ml seems to create more “jagged” features with FWHM values of <1 
µm and height profiles spanning -125 nm valleys to 140 nm peaks. The AFM derived 
roughness for this surface indicate average Ra and Rq values of 25.20 ± 3.20 nm and 
34.90 ± 2.70 nm, respectively.  
 XPS spectra for the 25PS75PMMA_750_air surface are provided in Figure 
5.8. As before, charge correction was applied by setting the C-C aliphatic peak to 
285.0 eV. Peaks are present at 284.74, 285.42, 286.65 and 288.90 eV, relating to C-H 
hydrocarbon, C-C-O beta-shifted carbon, C-O methoxy group and O-C=O carbonyl 
bond, respectively. Analysis of the O 1s region indicated a doublet made up of two 
peaks at 532.09 and 533.67 eV, corresponding to O=C carbonyl and O-C methoxy 
group oxygen.  
 The contributions to the C 1s spectral components are similar to those for the 
25PS75PMMA_air substrate (Figure 5.3) and again correspond in position and 
relative intensity to those expected for PMMA.  
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Figure 5.8 XPS spectra for spin coated 25PS75PMMA_750_air surfaces on glass 
substrates: (a) WESS, (b) C 1s spectra and (c) O 1s plots. 
 
Quantitative data for this surface are provided in Table 5.4 and indicate the average % 
atomic concentrations for C 1s and O 1s to be 76.07 ± 0.27% and 23.93 ± 0.27%, 
respectively. Hence, the chemistry of the 25PS75PMMA thin film surface formed by 
spin coating in air does not appear to change significantly with the introduction of PS 






































Table 5.4 XPS derived % atomic concentration data for peak fitted C 1s and O 1s 


















1 30.51 22.14 29.07 18.27 43.61 56.39 75.77 24.23 
2 34.98 23.21 23.82 18.00 44.03 55.97 76.17 23.83 
3 37.23 21.71 23.10 17.36 44.97 55.03 76.28 23.72 
Average 34.24 22.35 25.53 17.88 44.20 55.80 76.07 23.93 
Standard 
Deviation 
3.42 0.77 3.07 0.47 0.70 0.70 0.27 0.27 
 
 Biological Assessment of 25PS75PMMA_750_air Surfaces 
Platelet function analysis was carried out on five replicate 25PS75PMMA_750_air 
substrates using blood from Healthy Donor 1, with relevant sample profile information 
at the of DPFA shown in Table 5.5. 
Table 5.5 Blood profile for Healthy Donor 1 consisting of platelet count and additional 
platelet indices used for 25PS75PMMA_750_air DPFA measurements. 
Name Donor1_181023 HCT 38.9% 
Age 24 PLT 260x103/µL 
Blood Type O MPV 9.4fL 
Gender Female P-LCR 17.6% 
 
Figure 5.9 provides the final frame fluorescence images (120/120) from the time lapse 
sequence for five replicates of the 25PS75PMMA_750_air surface. The amount of 
platelet interaction here is significantly higher than that observed for the previous 
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25PS75PMMA_air samples. Platelets are seen to cover much of the field of view and 
there are clear indications of the formation of 3D thrombi.  
 
 
Figure 5.9 Fluorescence micrographs of whole blood DIOC6 labelled platelets in 
frame 120/120 for each of 5 replicates (a) to (e) of the spin coated 
25PS75PMMA_750_air surface. Scale bar 50 µm. 
 
The calculated percentage surface coverage values for these samples are provided in 
Table 5.6 and indicate an average coverage of 40.20 ± 13.30% which is almost twice 
that observed for the 25PS75PMMA_air. The standard deviation is notably higher for 
the 25PS75PMMA_750_air surface than was the case in the previous datasets which 




Table 5.6 Average % surface coverage values (n=5) and standard deviation for 
25PS75PMMA_750_air surfaces. 








 Dynamic Evaluation of Platelet Behaviour 
As in Chapter 4, platelet dynamics were further assessed on spin coated substrates 
created under normal ambient conditions by application of the autologous platelet 
algorithm, which employs an additional 1000-frame stack prior to the time lapse with 
the results obtained shown in Table 5.7.
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Table 5.7 Dynamic platelet parameter values and blood indices data derived from 
application of the autologous platelet algorithm analysis for Donor 1 blood on 
ambient spin coated surface (n=5). 
Dynamic Parameters 25PS75PMMA_air 25PS75PMMA_750_air 
Ntracks 168 ± 44 474 ± 331 
Fraction of Stably 
Adhered 
0.75 ± 0.03 0.78 ± 0.05 
Mean Translocating 
Distance (µm) 
2.22 ± 0.31 2.13 ± 0.38 
Mean Translocating 
Velocity (µm/s) 
1.44 ± 1.06 1.21 ± 0.64 
Platelet Adhesion 
Rate (x103 s-1) 
0.69 ± 0.15 1.65 ± 1.27 
Platelet Detachment 
Rate (s-1) 
1.30 ± 1.89 2.20 ± 1.33 
Fraction Platelets 
Sticking 





Haematocrit (%) 31.2 38.9 
vWF (IU/ml) 47.6 47.6 
* No standard deviation values are reported for the platelet indices due to a single 
blood sample having been used for this analysis to eliminate a potential source error. 
 
Ntracks for 25PS75PMMA_750_air appears to be more than double that for 
25PS75PMMA_air. However, a large standard deviation (±331) is noted in these 
measurements which makes it difficult to confirm that this is a real difference. A direct 
comparison of the four main dynamic parameters obtained for platelets on the 
25PS75PMMA_air and 25PS75PMMA_750_air spin coated substrates are provided 
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in Figure 5.10, with statistical analysis carried out using a standard t-test. All 
parameters showed no significant difference with the addition of 50 µm microspheres. 
 
 
Figure 5.10 Graphical representation of four dynamic parameters, complete with 
statistical difference. P value = 0.05. 
 
Relative assessment of thin films spun in a positive pressure, nitrogen environment, is 
provided in Chapter 4 (Figure 4.18).  
 Multiple Donor Study on 25PS75PMMA_750_air Substrates 
As the main objective for this research is to create a synthetic DPFA substrate that can 
be used universally to specifically test vWF entrapment and subsequent platelet 
interactions thereon, a subsequent study was carried out using blood from multiple 

































additional platelet indices information for each of the six additional healthy donors 
(Donor 2 to Donor 7). 
 
Table 5.8 Blood index information for all donors used within the universality study. 





HCT (%) MPV (fL) 
P-LCR 
(%) 
2 24 Female O 266 44.1 11.5 37.0 
3 29 Female* B 152 37.3 14.9 68.8 
4 27 Female AB 285 42.5 10.6 27.7 
5 30 Female O 231 43.8 11.3 35.9 
6 28 Female B 257 38.1 11.9 39.4 
7 49 Female A 190 38.9 10.2 25.9 
 
 
Figure 5.11 shows the final frame (120/120) fluorescence images for platelets from 
the six additional healthy donors (2 to 7) in triplicate, on the 25PS75PMMA_750_air 




Figure 5.11 Fluorescence micrographs of whole blood DIOC6 labelled platelets from 
each of six additional healthy donors (Donor to Donor 7) in frame 120/120 for each 












































Clearly, visual inspection of these images indicates a significant variation in platelet 
adhesion both within donor sample sets and across different donors.  
Table 5.9 provides the quantification data for the surface coverage which confirms the 
visually observed differences. 
Table 5.9 Average % surface coverage values (n=3) and standard deviation for 
25PS75PMMA_750_air spin coated surface in response to multiple healthy donors 
(Donor 2 to Donor 7). 
Donor Sample  % Coverage Average Standard Deviation 
2 
1 0.60 
























In order to better understand and rationalise these results, a vWF enzyme-linked 
immunosorbent assay (ELISA) test was employed to determine the protein 
concentration for each individual donor with the results provided in Table 5.10. 
  
Table 5.10 vWF concentration (international units per millilitre - IU/ml) for each 
healthy donor blood, measured via ELISA. 












 Discussion  
The goal of the work reported in this chapter was to investigate the influence that 
changing the gaseous environment and pressure has on the surface topography and 
chemistry of substrates created by spin coating of PS/PMMA solutions. Specifically, 
deposition of the polymer demixed thin films has been carried out in air under ambient 
atmospheric pressure conditions (25PS75PMMA_air), as opposed to employing a 
positive pressure nitrogen to purge the chamber during spin coating (25PS75PMMA), 
with all other parameters being kept constant.  
The surfaces created in air have been characterised by Optical Microscopy, 
AFM, XPS and the data obtained compared to that acquired for those produced using 
the positive pressure nitrogen purge conditions. The ability of these substrates to bind 
platelets has been measured using the DPFA technique and the resulting data also 
compared to that recorded for 25PS75PMMA surfaces. As indicated previously, 
surface bound and uncoiled vWF is required to enable platelet adhesion and 
aggregation in vivo. Therefore, the synthetic polymer demixed surface properties 
created here need to support the entrapment of vWF and its subsequent uncoiling to 
expose binding sites in a way that leads to platelet adherence thereon. 
 Microscopical optical analysis of the 25PS75PMMA_air thin films found that 
they have similar distribution patterns of PS within PMMA as was observed for 
25PS75PMMA, with both striations and honeycomb structures present. However, 
these patterns are now noticeably more well-defined and regular in respect of the 
respective features. As indicated previously, this fragmentation of the PS component 
within the thin film surface is due to instability that occurs during the solvent 
evaporation gradient that is caused by the centrifugal force exerted on the solution 
during spinning. The positive pressure induced by the nitrogen purge condition has 
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been  reported to influence the rate of solvent evaporation153, in a manner that allows 
the polymer blend to reach thermodynamic equilibrium more readily than is the case 
at atmospheric pressure in air. Hence, removal of this positive pressure condition when 
created the 25PS75PMMA_air samples, is deemed to be responsible for the more 
defined structural features seen here. In this regard, it is assumed that the rate of 
evaporation in air and in a positive pressure of nitrogen is not sufficiently different to 
make a significant contribution to the attendant distribution of PS in PMMA after spin 
coating.  
 AFM images and associated line profile data indicate that the topography of 
the 25PS75PMMA_air thin films is different to that for the corresponding 
25PS75PMMA samples. Visually, the features seem to be somewhat chaotic with 
many sharp protrusions ranging from -100 nm to +75 nm. The corresponding FWHM 
values for these features are in the range 500 nm to 1 µm, with the exception of surface 
shown in Figure 5.1 (e) which has a pronounced area of larger sized features which is 
believed to be due to an unusual agglomeration of the demixed polymer system. A 
review of the relevant literature indicates a lack of research into polymer demixed 
surface features created by spin coating under ambient atmospheric pressure air 
conditions. From a first principles perspective, the creation of these sharp, closely 
packed surface protrusions are a result of the slightly faster evaporation of the 
chloroform solvent that occurs due to the absence of the positive pressure provided by 
the nitrogen purge.  
 XPS analysis confirmed that the 25PS75PMMA_air substrates have a PMMA 
only surface chemistry which is similar to that of the 25PS75PMMA thin films (Figure 
4.5) and are also consistent with the C 1s and O 1s features present in a surface that 
has been spin coated from 100% PMMA in chloroform (Table 4.1) with only a slight 
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increase in the C-O component observed. This latter effect may be due to a slight 
difference in the orientation of the PMMA structure close to the uppermost region of 
the film surface that is caused during spin coating in air at ambient pressure that is 
then observed due to the surface specificity of the XPS technique152.  
 Platelet function on a set of five replicates of the 25PS75PMMA_air substrate 
was analysed using the DPFA device with blood from Healthy Donor 1 and all showed 
positive interactions. Platelet surface coverage increased to 17.3% from an average 
value of 13.8% obtained from 25PS75PMMA with the standard deviation remaining 
the same at 6.8%. Analysis of platelet interactions across the video frame time lapse, 
indicates that adhesion occurs in a linear fashion which is consistent with behaviour 
seen previously151 and supports the theory that the surface supports entrapment of 
vWF followed by its uncoiling to expose platelet binding sites108. This suggests that it 
is the topography formed during spin coating in air at ambient atmospheric pressure 
that provides an environment that enables the adsorption of vWF, followed by its 
uncoiling and the subsequent binding of platelets from flowing whole blood under 
arterial shear. It is acknowledged that changes in the donor blood profile and platelet 
indices may play a role in the response observed and hence it is important that these 
factors are considered at the point of analysis rather than being assumed from historical 
measurements. In the case of the 25PS75PMMA_air samples, there is an increase in 
platelets (up 4%), MPV (up 5%) and P-LCR (up 3.9%), whilst the HCT levels drop 
by 13%. Chen et al.128 have reported that platelet adhesion to vWF is dependent on 
both the blood HCT levels and flow rate. As the flow rate for the DPFA measurements 
has been kept fixed throughout, the only significant consideration here is the HCT 
level which is still this within the normal range. As such, from the results obtained 
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here it would seem that any effect on platelet binding due to a reduction in HCT is 
counteracted by increases in the number of platelets, MPV and P-LCR. 
 As reported in Chapter 4, the 25PS75PMMA_750 substrate has a more regular 
surface (50 nm feature height, 1 µm FWHM) than the corresponding 25PS75PMMA 
(100 nm – 1 µnm feature height, FWHM ~ 2 – 4 µm) surface and this serves to increase 
the scale of the platelet interactions thereon108. Hence, the effects of adding 750 PS 
microspheres/ml to the 25PS75PMMA solution on the spin coated surface created in 
air at atmospheric pressure was evaluated.  
Microscopical optical analysis of the 25PS75PMMA_750_air substrates 
show patterns of PS distribution in PMMA that are consistent with the previous 
25PS75PMMA_air surfaces, suggesting that at the micron scale, no changes are 
observed within polymer distribution. AFM analysis of the resulting topographical 
features indicates peak heights ranging from ± 150 nm with FWHM values between 
100 nm and 1 µm, which are then now higher and narrower than those recorded for 
the 25PS75PMMA_air surfaces.  The surface roughness has also increased slightly 
(Ra = 25.2 ± 3.2 nm and Rq = 34.9 ± 2.7 nm).   
 XPS analysis of the 25PS75PMMA_750_air substrate is again consistent with 
a PMMA only chemistry on the uppermost surface. The small changes noted within 
relative contributions of the peak fitted components are attributed here to moderate 
changes in the polymer chain orientation within depth of analysis.  
 Platelet function analysis of the 25PS75PMMA_750_air substrate within the 
DPFA device using whole blood from Healthy Donor 1 indicates a significant increase 
in surface coverage (40.20 ± 13.30%), when compared to the results for all of the 
previously studied spin coated surfaces. As before, the blood count profile at the point 
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of analysis was used for the subsequent interpretation of results with all metrics found 
to lie within the healthy range.  A relatively high degree of variation was seen across 
the five samples studies (as per the SD value), which is a challenge for the potential 
use of this surface as a synthetic sensor substrate in the DPFA device. Some of this 
variation can is negated by using the same donor blood for both sample sets with some 
changes in the blood factors noted at the two dates of blood donation. Overall, for this 
surface platelet count and HCT levels both increase whilst MPV and P-LCR values 
decrease.  
 The autologous platelet algorithm used in Chapter 4 has also been applied here 
to further evaluate the kinetic platelet behaviour on the spin coated surfaces created in 
air under ambient conditions. Relying on visual analysis of the fluorescent images 
alone, suggests that the 25PS75PMMA_750_air substrate (Figure 5.9) outperforms 
the 25PS75PMMA_air surface (Figure 5.4) in terms of platelet interactions thereon. 
By extension, this suggests that this surface is capable of greater vWF entrapment over 
the same timescale.  However, statistical analysis of the tracking data reveals that there 
is no significant difference between the behaviour of platelets on these surfaces across 
any of the four parameters examined.  Whereas, the adhesion rate data seems to 
increase for the substrate augmented by +750 50 µm PS microspheres, closer 
inspection of these data indicate a large standard deviation which limits any further 
interpretation in this regard. 
Direct comparison with substrates spin coated in the presence of a positive 
pressure of nitrogen, showed a similar trend whereby the augmented 
25PS75PMMA_750 substrate (Figure 5.9) shows a higher level of platelet interaction 
than that seen on the 25PS75PMMA_air surface (Figure 5.4) using optical analysis 
only. Evaluation of dynamic parameters using the algorithm, showed similar values 
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for each of the parameters measured (Table 5.7) with no significant difference seen 
between the data obtained for the two nitrogen-spun surfaces. This suggests that, using 
this analytical approach, there appears to be no influence on platelet function from 
introduction of the PS microspheres (and the resulting effects of the surface 
topography). Surfaces created using both ambient air conditions and a positive 
pressure nitrogen environment, facilitate similar dynamic platelet function which 
indicates that at a dynamic level, neither the gas nor the pressure conditions influence 
platelet behaviour on these surfaces. Therefore, in the interests of achieving a suitable 
synthetic surface for use in the assay device, the sample with the most abundant 
platelet coverage was chosen to progress these studies beyond testing with Donor 1 
blood.   
 Blood from an additional six healthy donors (Donors 2 to 7) was used to extend 
the platelet function studies on the 25PS75PMMA_750_air substrate, the complete 
blood count profile of which generally fall within the healthy range3. In general, there 
was a positive platelet response to the 25PS75PMMA_750_air surface for all donor 
bloods. Donor 2 shows an average surface coverage of 5.30 ± 8.60%. The relatively 
high standard deviation here can be explained by looking at the optical micrographs 
(Figure 5.11) wherein replicate (b) shows significantly higher levels of platelet 
interaction than the other surfaces. Analysis of blood indices revealed a P-LCR value 
of 37.0% which is higher than the healthy range (15 – 35%). However, as the two main 
platelet activation markers are MPV and PLT, it can be assumed that this has a 
minimal effect on platelet adhesion.  
Donor 3, a blood type B individual, shows noticeably less platelet interaction 
(1.40 ± 1.10%). A more considered review of the six donors indicated that Donor 3 is 
pregnant and appears to have levels of HCT and PLT which fall at the lower end of 
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the normal range and also has higher MPV and P-LCR readings. Haemodilution is a 
normal physiological change that is linked to pregnancy, in that there is an increase in 
circulating plasma and therefore a decrease in blood count levels154,155. Previous 
studies have shown that a decreased platelet count reduces dynamic platelet interaction 
with vWF10. These authors showed that when levels of HCT were artificially reduced 
by 50% (representative of haemodilution), an attendant reduction in platelet adhesion 
was observed. Hence, this effect tends to support the findings reported here, whereby 
the pregnant subject shows significantly decreased surface coverage.  
 The highest level of platelet interaction is seen with Donor 4, a type AB 
individual, with average surface coverage of 43.60 ± 20.70%. This person reported the 
highest PLT count out of all donors but had levels that were still within the normal 
range. Recent results have shown that there is a significant difference between platelet 
function of type O and non-type O blood when measured by a DPFA device equipped 
with endogenous (immobilised) vWF substrates.  
 Donor 5 shows platelet indices which mainly lie within the healthy range, but 
with the P-LCR value lying slightly outside of the expected range. Surface coverage 
is less than half that of Donor 4, at 19.10 ± 13.40%, with a high degree of standard 
deviation observed. This inconsistency can be seen in Figure 5.11 (k) whereby there 
are significantly less platelets adhering to the surface.  
 Surface coverage of 3.90 ± 2.30% was recorded for another type B individual, 
Donor 6. Visually, the micrographs look the most repeatable observed in this study 
(Figure 5.11 (m-o)) and result in a low standard deviation. For this donor, elevated 
levels of P-LCR are seen, while all other markers are normal.  
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Donor 7 is the only type A subject tested and shows an average surface coverage of 
9.70 ± 5.90%, which was mid-ranking in terms of relative platelet interaction. All 
platelet markers are within the healthy range and so the platelet interactions are 
deemed to be reliable.  
 In total, blood samples from three different type O donors were investigated 
using the 25PS75PMMA_750_air substrate (Donors 1, 2 and 5). However, the surface 
coverage values observed would seem to show no significant trend in platelet 
interactions with 120/120 image coverage ranging between 5.30 and 19.10%. This 
variation cannot be attributed to blood platelet indices only and so the vWF 
concentration for each donor was measured directly using an immunosorbent assay 
(ELISA). Normal human plasma vWF concentration has been reported to range 
between 0.30 and 1.57 IU/ml156. vWF levels are known to be influenced by blood 
(ABO) group with a decrease of ~25% seen in type O subjects. Gender is another 
factor of note, with vWF levels being higher in females. All donors within the study 
reported here show normal vWF levels, except Donor 3, who is known to be pregnant 
and reported an elevated level of vWF (1.62 IU/ml). Increase in vWF has been widely 
reported in pregnancy, with the greatest increase in the third trimester157. Overall, both 
the vWF ELISA and complete blood count show no results which would be considered 
to effect platelet interaction significantly. Hence, the variation that exists both within 
single blood samples and across donors with the same blood group, this remains a 
challenge as currently it is not possible to carry out the dynamic analysis on the 
multiple donor datasets. 
 In summary, these findings suggest that the change from a nitrogen positive 
pressure  environment to an ambient air pressure condition during spin coating of the 
polymer demixed PS/PMMA solutions does not affect the ability of the attendant 
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surface to entrap vWF from flowing blood and thereby still facilitates platelet function 
testing thereon. Whereas, visual (120/120 image) analysis of these substrates show 
increased levels of platelet adhesion of platelets from Donor 1 (type O) blood, 
compared to that for surfaces created using positive pressure nitrogen purge 
environment when spin coating, issues with reproducibility still remain. An algorithm-
based analysis shows that platelets behave similarly across both types of surfaces, with 
no statistically significant differences in adhesion, mean translocating velocity or 
distance observed. Further analysis across a cohort of ABO donor subjects shows that, 
polymer demixed films created by spin coating in air at ambient pressure facilitates 
platelet testing of all blood types. However, as before, significant variation in the 
datasets is again a limitation within the current study with sources of variance existing 
in the use of whole blood and the nature of the spin coated topography. 
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6. Platelet Interactions on Nanoscale Embossed Poly (methyl 
methacrylate) Surfaces 
 Introduction 
As indicated throughout this work, a significant limitation of fabricating a synthetic 
platelet function sensor surface by spin coating is the lack of reproducibility that the 
technique introduces. Whereas, steps have been taken here to increase the 
reproducibility108 of the nanoscale surface features created, the random nature of the 
polymer demixed solution distribution on the surface due to centrifugal force remains 
dominant158.  
An alternative method for fabrication of uniform surface features is hot 
embossing159–161 whereby  a master stamp, with a machined negative pattern to that 
required is pressed into a sheet of materials under pressure, at a set temperature. 
Resulting topography is then a mirror of the template stamp. A range of common 
plastic devices are fabricated using this technique, and results indicate excellent 
reproducibility for applications within microfluidics and semiconductors160,162. 
Popular plastics used include polystyrene (PS), poly (methyl methacrylate) (PMMA) 
and polyvinyl chloride (PVC).  
Hot embossing of PMMA was therefore utilised here to produce a surface 
topography with nanoscale features similar to those observed for spin coated polymer 
demixed surfaces. The stamp used here was similar to that created in a previous study14 
but modified with a nickel coating to enhance its strength and durability during hot 
embossing which was a major limitation of the original pristine silicon wafer version. 
As before, PMMA sheets were subjected to the hot embossing process using 
the nickel coated stamp to produce two channels with differing patterns of nanoscale 
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features. Substrates were characterisation by Atomic Force Microscopy (AFM), X-ray 
Photoelectron Spectroscopy (XPS) and Water Contact Angle (WCA) to measure 
feature size, surface chemistry and wettability, respectively. The substrates produced 
were tested using the Dynamic Platelet Function Assay (DPFA) system to analyse the 
haematological response.  
 
 Properties of Poly (methyl methacrylate) Pre- and Post-Embossing 
The dimensions of the features in the two channels of the hot embossed poly (methyl 
methacrylate) (PMMA) substrates are provided in Table 6.1. Whereas, feature height 
was kept constant at 50 nm in each, the interspacing was varied between 500 nm and 
1 µm, producing channels ‘a’ and ‘b’, respectively.  
Table 6.1 Specification for the features created within channels 'a' and 'b' using the 











a 50 500 100 500 
b 50 500 100 1000 
 
Figure 6.1 displays 3D pseudo-colour AFM plots of 10 µm x 10 µm regions and 
corresponding line profiles for the pristine PMMA material with expected sporadic 
roughening caused by processing of this standard sheet material.   
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Figure 6.1 10 µm x 10 µm 3D AFM images of (a) edge, (b) centre and (c) off centre 
areas of pristine (pre-embossed) PMMA sheet, (colour scale ± 50 nm) with 
corresponding line profiles generated from the x-y midpoint. 
Figure 6.1 shows a topography consisting of small irregularities on the substrate 
surface ranging up to ± 10 µm. Corresponding surface roughness values, Ra and Rq, 
are 1.8 ± 0.2 nm and 2.4 ± 0.2 nm, respectively. 
A typical XPS wide energy survey scan (WESS) and associated high 
resolution C 1s and O 1s plots for pristine PMMA are provided in Figure 6.2, which 






















































Figure 6.2 XPS spectra for pristine (pre-embossed) PMMA: (a) WESS, (b) C 1s 
spectra and (c) O 1s. 
Charge correction was applied as standard through calibration of the aliphatic carbon 
to 285.0 eV.  Four peaks are observed at 284.93, 285.84, 286.54 and 289.04 eV, 
relating to C-H hydrocarbon, C-C-O beta-shifted carbon, C-O methoxy group and O-
C=O carbonyl bond, respectively. C-H and beta-shifted carbon peaks within the 
aliphatic peak have been identified separately for completeness. Analysis of the O 1s 
region indicated a doublet consisting two peaks at 532.21 and 533.74 eV, 





































the % atomic concentration is shown in Table 6.2, compared with post-embossed 
surfaces.  
Figure 6.3 shows 10 µm x 10 µm 3D pseudo-colour AFM plots for three areas of 
channel ‘a’ embossed surfaces with corresponding line profiles taken from the x-y 
centre point.  
 
 
Figure 6.3 10 µm x 10 µm 3D AFM images at (a) edge, (b) centre and (c) off centre 
areas of channel ‘a’ embossed surfaces, (colour scale ± 50 nm) with corresponding 





















































The highly ordered features observed here indicate clearly that the hot embossing 
technique has been effective in producing a reproducible topography with feature 
heights of approximately 40 nm compared to the optimum 50 nm that the stamp was 
designed to deliver. The full width-at half maximum values are approximately 250 nm 
with again a high level of consistency. Surface roughness parameters Ra and Rq were 
measured as 9.8 ± 0.5 nm and 12.9 ± 0.6 nm, respectively. Post-embossing, surface 
roughness increases by a factor of 5. At the base of the features, small nano-scale 
protrusions can be seen, and this may be indicative of constrictions of softened PMMA 
as it solidifies within gaps between the stamp and backing wafer. 
 The WESS and high-resolution C 1s and O 1s XPS spectra for the channel ‘a’ 
surface are displayed in Figure 6.4. 
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Figure 6.4 XPS spectra for channel ‘a’ of embossed PMMA: (a) WESS, (b) C 1s 
spectra and (c) O 1s plots. 
Once again, the spectral components indicative of PMMA are present but the relative 
contributions of four peaks has changed significantly. Analysis of the C 1s spectra 
shows peak contributions at 284.93, 285.55, 286.50 and 288.83 eV, corresponding to 
C-H hydrocarbon, C-C-O beta-shifted carbon, C-O methoxy group and O-C=O 
carbonyl bonds, respectively. C-H and beta-shifted carbon peaks within the aliphatic 
peak have been identified separately for completeness. Within the O 1s region a 
doublet consisting of two peaks at 531.91 and 533.84 eV, is present, corresponding to 





































present, however the carbonyl peak has increased significantly to 83.7% and the 
remaining 18.3% representative of O-C bond. Full quantification data is detailed in 
Table 6.2.  
 The corresponding 3D AFM images and midpoint x-y line profiles for the 
channel ‘b’ embossed surface are shown in Figure 6.5. 
 
 
Figure 6.5 10 µm x 10 µm 3D images at (a) edge, (b) centre and (c) off centre areas 
of channel ‘b’ embossed surfaces, (colour scale ± 50 nm) with corresponding line 





















































The line profile data in this case shows the features to again be very regular and sharp. 
The maximum average feature height is approximately 45 nm and FWHM values are 
250 nm. The surface roughness parameters are Ra = 4.9 ± 0.5 nm and Rq = 8.1 ± 1.1 
nm, respectively. 
 The WESS and high-resolution C 1s and O 1s scans for channel ‘b’ are 
displayed in Figure 6. 6 and are very similar to those seen for channel ‘a’.  
 
 
Figure 6. 6 XPS spectra for channel ‘b’ embossed PMMA: (a) WESS, (b) C 1s spectra 





































Charge correction was applied to 285.0 eV once more, where carbon peaks were 
identified at 284.97, 285.42, 286.93 and 289.06 eV, representative of C-H 
hydrocarbon, C-C-O beta-shifted carbon, C-O methoxy group and O-C=O carbonyl 
bonds, respectively. C-H and beta-shifted carbon peaks within the aliphatic peak have 
been identified separately for completeness. Analysis of the O 1s region indicated a 
doublet consisting two peaks at 532.13 and 533.92 eV, corresponding to O=C carbonyl 
and O-C methoxy group oxygens. Atomic concentration (%) within these surfaces 




Table 6.2 XPS derived % atomic concentration data for peak fitted C 1s and O 1s 
























1 65.18 13.52 14.26 7.05 60.38 39.62 87.25 12.75 
2 66.24 11.24 15.20 7.31 57.78 42.22 86.85 13.15 
3 65.91 9.32 16.46 8.31 60.42 39.58 84.99 15.01 
Average 65.78 11.36 15.31 7.56 59.53 40.47 86.36 13.64 











1 76.04 11.16 6.65 6.15 85.16 14.84 89.43 10.57 
2 65.45 22.66 5.70 6.19 84.35 15.65 89.41 10.59 
3 57.51 29.59 6.20 6.70 81.68 18.32 88.73 11.27 
Average 66.33 21.14 6.18 6.35 83.73 16.27 89.19 10.81 











1 46.69 35.51 8.50 9.30 68.97 31.03 85.55 14.45 
2 52.16 27.95 11.31 8.38 68.53 34.47 85.16 14.84 
3 63.83 11.42 14.83 9.90 64.33 35.67 84.30 15.70 
Average 54.23 24.96 11.55 9.19 67.28 33.72 85.00 15.00 
St. Dev. 8.75 12.32 3.17 0.77 2.56 2.41 0.64 0.64 
 
Water contact angle (WCA) measurements were obtained to evaluate the wettability 
of the embossed surfaces as reported in Table 6.3.  
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Table 6.3 WCA values for pristine (pre-embossed) PMMA, and embossed channel 'a' 
and channel 'b' surfaces. 










1-1 86.58 86.73 
88.02 2.97 
1-2 83.56 78.50 
1-3 86.17 86.44 
2-1 92.72 92.20 
2-2 92.32 89.53 
2-3 87.34 87.86 
3-1 85.67 85.63 
3-2 88.99 88.81 










1-1 78.70 77.41 
74.80 2.64 
1-2 76.06 75.72 
1-3 77.44 78.88 
2-1 74.63 75.16 
2-2 68.87 68.81 
2-3 74.80 70.24 
3-1 74.96 74.74 
3-2 78.75 77.08 










1-1 76.63 76.03 
70.63 0.88 
1-2 69.31 69.50 
1-3 69.39 68.28 
2-1 71.92 72.65 
2-2 67.43 67.17 
2-3 69.79 69.58 
3-1 71.56 71.64 
3-2 71.43 70.99 
3-3 69.29 68.69 
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 Biological Assessment of Embossed PMMA Substrates 
The hot embossed substrate channels were tested in the DPFA system, with regard to 
platelet function thereon. Unfortunately, due to the thickness of the PMMA sheet used, 
the microscope was unable to adequately focus on the channel ‘a’ and ‘b’ areas and 
so, it was not possible to carry out the study with any degree of accuracy. Figure 6.7 
shows a micrograph which highlights the difficulties faced in focusing properly on the 
surface. Whereas, there are indications of some platelets on or traversing the surface, 
the image quality is insufficient for any meaningful analysis. 
 
Figure 6.7 Optical micrograph at a random time after blood has contacted the 
embossed channel ‘a’ surface indicating difficulties focusing on the platelets. Scale 
bar 50 µm. 
Standard DPFA protocol uses a x20 objective lens in an inverted microscope and this 
changed to a x10 lens to try to sharpen the focus on platelets that may be adhered to 
the channel. A typical micrograph at this resolution is shown in Figure 6.8 and 
although this image is slightly improved with respect to showing platelet interaction 





Figure 6.8 Optical micrograph taken using a x10 objective, showing a slightly 
increased level of focus on platelets within the channel. Scale bar 50µm. 
Unfortunately, further work was not possible in this area due to associated access 





The main goal of the work reported within this chapter, was to employ hot embossing 
to create nanoscale features on PMMA sheets that represent those seen on the 
PS/PMMA spin coated polymer demixed surfaces. This involved the updating of a 
previously created stamp (die) with a nickel coated surface to enhance its robustness 
and prevent breakage during operation (which occurred with the original silicon 
version). The stamp involved has two channels; the difference in which is the feature 
spacing14. The fabrication process allows for creation of substrates with embossed 
channels that can be tested within the DPFA system. Based on the previous work, it 
was apparent that the polymer chemistry should remain constant, while a uniform 
nanotopography is produced for subsequent vWF entrapment and platelet adhesion 
thereon.  
 The PMMA sheet used here was characterised to allow for a baseline profile 
of physical and chemical properties, prior to embossing. Physical analysis of the 
topography using AFM shows it to have a predominantly flat surface, with Ra and Rq 
surface roughness values of 1.8 ± 0.2 nm and 2.4 ± 0.2 nm, respectively. The chemical 
profile for the pristine PMMA sheet was determined by XPS and indicates a surface 
chemistry consistent with PMMA, with the presence of the four expected carbon 
environments and oxygen doublet. However, when compared to the spin coated 
PMMA used previously in this work, it appears that the chemistry is not identical. 




Table 6.4 Comparison of the quantitative data obtained by deconvolution of the C 1s 

























65.78 11.36 15.31 7.56 59.53 40.47 86.36 13.64 
 
Atomic concentration of C 1s increases by 10% for the pristine PMMA sheet, 
compared with the solvent cast PMMA surface. Specifically, the hydrocarbon C-H 
bond contribution increases by 27.5%, with all other peaks showing a decrease by 
approximately 50%. O 1s concentration therefore decreases by the same 10%, as the 
compound contains only carbon and oxygen. Deconvolution of the O 1s doublet shows 
a 17% increase in the carbonyl O=C bond for the pristine PMMA sheet, with the 
resultant decrease in methoxy oxygen (O-C). The characteristic contributions  for 
carbon environments within the C 1s XPS spectra  for the pre-embossed PMMA sheet 
are different than those expected127. This is thought to be as a result of polymer 
processing that is used to create the sheet form material. In this regard, it is deemed 
that the extrusion process causes changes to very uppermost  surface chemistry that is 
evident due to the small depth of analysis of the technique. This results in a significant 
increase in the aliphatic component in the C 1s envelope for the sheet which them 
suggests that deoxygenation has occurred. Comparison against the spin coated control 
surface, shows that chemical profiles are not identical, and therefore should be 
considered as a factor which could influence platelet interaction. 
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Channel ‘a’ created by embossing PMMA result in the required highly regulated 
arrays of features with average height between 35 nm and 50 nm, for a stamp designed 
to fabricate 50 nm islands. Previous work completed using a stamp of similar design 
but without a nickel coating, reported inconsistencies with island heights and this was 
linked to air pockets becoming trapped between the stamp and PMMA substrate, 
causing incomplete transfer of features14.  
 XPS analysis of the PMMA surface chemistry post-embossing revealed a 
tangible degree of deoxygenation. Quantitative analysis of % atomic concentration 
shows a C 1s contribution of 89.2 ± 0.4% and an O 1s concentration of 10.8 ± 0.4%, 
for channel ‘a’. Comparison of deconvoluted C 1s components, between pristine 
PMMA and channel ‘a’ substrates, show an increase of approximately 10% for beta-
shifted carbon, a decrease of 9.1% in the C-O component, meanwhile hydrocarbon 
and carbonyl components remained of a similar magnitude. O 1s components change 
via an increase of 24% from O=C carbonyl and a decrease of same, in O-C bonding 
concentration. These changes in surface chemistry may cause a source of variation in 
biological response163,164 which need to be considered when haematological analysis 
of these surfaces is carried out.  
 In the case of embossed PMMA channel ‘b’ the feature density has decreased 
as expected, due to the greater interspacing. The average island feature height is in the 
range 32 nm to 45 nm. This variability may be due to the fact that one of the vacuums 
used during embossing this features reported a faulty vacuum which may have affected 
the pressure between the stamp and PMMA sheet165. The irregular protrusions noted 
as occurring between the island features are less prominent here with surface 
roughness parameters of Ra and Rq 4.9 ± 0.5 nm and 8.1 ± 1.1 nm, respectively. It is 
assumed that this is mainly due to the greater space between features which dissipates 
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air more effectively during polymer surface cooling. However, the problem with the 
vacuum uniformity during embossing noted above cannot be ruled out as a 
contributory factor.   
 XPS analysis of channel ‘b’ shows % atomic concentrations of 85.00 ± 0.64% 
and 15.00 ± 0.64% for C 1s and O 1s, respectively. Compared to channel ‘a’ C 1s 
shows a decrease of 4.2%. Specifically, this is shown by a 10% fall in C-H 
hydrocarbon peak contribution. Methoxy group carbon contribution doubles to 11.6%, 
similar to that of pristine PMMA. The remaining carbon environments increase by 
approximately 3%. O 1s spectra shows increase of O-C component to 33.72%, nearly 
double that of channel ‘a’, whilst O=C contribution decreases by 15%, approximately.  
It is unlikely that the differences between the XPS quantification data for channel ‘b’ 
and channel ‘a’ are due to the spacing variation and are more likely to be due to the 
unintentional change in the vacuum conditions during embossing.  
 WCA was employed here to compare the wettability of the PMMA channels 
with that of the pristine (pre-embossed) surface and indicates a decrease in contact 
angle for the embossed regions. WCA was employed to qualitatively determine 
surface energetics and identify substrates are hydrophilic or hydrophobic; no 
quantitative studies have been undertaken. A decrease of 14˚ is observed between pre-
embossed PMMA and the channel ‘a’ region. Published literature suggests that as 
surface roughness increases, contact angle decreases for hydrophilic surfaces166.  
However, for the channel ‘b’ surfaces, even though the surface roughness decreases 
by 4.9 nm, the contact angle still falls by 4.17˚.  Reasons for this may be due to the 
changes in surface chemistry or surface roughness, however, can also be totally reliant 
on differences in polymer bonds at the uppermost surface167. However, the values 
obtained show that all substrates are hydrophilic as their contact angle is < 90˚168.  It 
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has been reported that even homopolymers such as poly vinyl chloride (PVC) and 
PMMA, have heterogenous surfaces whereby the low energy polymer and the high 
energy component may be provided by contaminant groups resulting from the 
“incorporation of initiator fragments at the ends of the polymer chains during the 
polymerisation process”169.  
 Unfortunately, it was not possible to carry out DPFA haematological analysis 
on the embossed PMMA nanoscale features created due to problems with focusing the 
objective lens due to the thickness of the PMMA. Although there may be some 
platelets on the images obtained, the quality does not allow any form of meaningful 
analysis to be carried out. Attempts to view the embossed channels more clearly using 
a x10 objective were made but did not result in additional clarity as although the level 
of focus was somewhat improved, the micrograph images are still not adequately in 
focus.  
Overall, the advances made here with respect to the provision of a highly 
reproducible embossed nanotopography suggest that these samples should be studied 
further but that this will require significant adjustments to the DPFA measurement 




7. Conclusion and Recommendations for Future Study 
 Conclusions   
The aim of this research was to create a synthetic substrate surface that is capable 
measuring dynamic platelet function in an environment that is close to in vivo 
physiology, such that the data generated can advance clinical diagnostic testing for 
conditions such as vWD. In doing so, the substrate concerned must measure the 
interaction of platelets with vWF in a manner that reflects the biological processes 
associated with haemostasis and particularly, thrombus formation.  
 The starting point for the work is the creation of nanoscale topography capable 
of entrapping vWF from whole blood when it is perfused over it at arterial shear flow 
rates and that therefore creates a surface that can then interact with the platelets from 
the same patient blood sample at the same flow rates. Measurement of the resulting 
platelet adhesion and aggregation will then form the basis of an advanced PFT. In this 
regard, the specification for the new test sensor surface requires it to substitute for a 
substrate coated with immobilised endogenous vWF in the DPFA device developed at 
RCSI, Dublin, Ireland. In this test regime, platelets in donor whole blood are 
fluorescently labelled and perfused over the (endogenous vWF) surface at a flow rate 
of 75 μl/min equivalent to an arterial shear rate of 1500 s-1. An inverted microscope 
equipped with a high-resolution video camera is used to image the platelet surface 
interactions such that various parameters relating to their function can be determined. 
Spin coating of a polystyrene (PS)/poly(methyl methacrylate) (PMMA) polymer 
demixed solution comprising 25%PS/75%PMMA in 3% w/v chloroform 
(25PS75PMMA) onto glass slides under a positive pressure (purge) of nitrogen gas 
has been shown by optical phase contrast microscopy to result in PS distributed within 
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PMMA in honeycomb-like and striation configurations. AFM analysis has shown that 
this condition results in the creation of a sub-micron to nanoscale topography with 
feature that range from nanopits of depth -70 nm to nanoislands +50 nm in height and 
FWHM ranging between 2 and 4 µm for larger features with nanoislands in the range 
~ 100 nm to 1 µm. Features can adhere platelets from flowing blood and by association 
entrap vWF. By contrast, control surfaces spin coated from 100% PS and 100% 
PMMA solutions in chloroform showed flat topographies with nanopits of depth -10 
nm for PS and nanoislands that were up to 5 nm in height for PMMA. The chemistry 
of this surface was found to be solely that of the PMMA component. However, the 
substrates produced in this way show significant levels of variability in respect to 
platelet response which is deemed to be due to irregularity of the surface 
nanopit/nanoisland features present. Hence, there is a need to improve the processing 
methodology by which these coatings are produced or to use an alternative means to 
attain a more optimal topography.  
Initial studies focused on improving the regularity and reproducibility of the 
nanoscale topography of the 25PS75PMMA blend, under a positive pressure nitrogen 
purge, by introducing uniform 50 μm PS microspheres in the range of 375 to 1500 
microspheres/ml. Augmentation of the stock polymer demixed solution 
(25PS75PMMA in chloroform) has been undertaken to disrupt the fluid dynamics 
during spin coating.  In this way, it offers a means to modify the original distribution 
of PS and thereby further refine the resulting surface features. With the addition of 
+375 microspheres/ml the topography produced was similar to that of the original 
25PS75PMMA substrates; micron features FWHM 2–3 µm overlaid with nanoscale 
protrusions (FWHM 100-500 nm), ranging between ±50 nm. However, adding +750 
microspheres/ml produced more ordered nanoscale topography. AFM analysis of this 
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surface indicated nanoisland features with heights ranging from 30 to 50 nm and no 
discernible nanopits. Addition of +1500 microspheres/ml showed an ordered 
landscape, with nanoisland features of heights up to 30 nm. Chemical characterisation 
of all these surfaces confirmed that they were still comprised solely of PMMA with 
no PS contribution detected by XPS.  
The response of fluorescently labelled platelets in flowing blood at arterial 
shear rates to these substrates was assessed using the RSCI-DPFA device and revealed 
a positive interaction with all substrates. However, due to the similarity in topography 
between 25PS75PMMA and 25PS75PMMA_375, the latter was not investigated 
further. As platelet interactions on these surfaces are only possible in the presence of 
vWF that is uncoiled to expose the required binding sites, it is apparent that protein 
entrapment has been achieved. The average platelet surface coverage for the refined 
nanoscale topography created in the presence of the PS microspheres was higher than 
that recorded for the original surface but showed a large standard deviation (19.08 ± 
12.59% for 25PS75PMMA_750 compared to 13.9 ± 6.6% for 25PS75PMMA). 
Although the standard deviation associated with the average platelet coverage on the 
25PS75PMMA_1500 substrate was much lower (10.88 ± 4.11%), it had the lowest 
amount of platelet-surface interactions at the point of measurement, and so it was 
decided not to progress any further with this substrate. Hence, it is asserted that the 
nanoisland feature size height and their distribution on the 25PS75PMMA_1500 is 
nonoptimal in the context of the requirements for a synthetic DPFA sensor.  
An algorithm developed by RSCI researchers to interpret platelet kinetics more 
accurately on the immobilised vWF sensor substrate attained from the DPFA 
technique, was applied to the data acquired in this work. The results obtained revealed 
that the information pertaining to platelet dynamics from the same donor blood on the 
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25PS75PMMA and 25PS75PMMA_750 substrate surfaces were significantly 
different to those measured for the standard (endogenous immobilised vWF) sensor 
surface. This outcome is perhaps to be expected due to the difference in the way the 
vWF is presented on each type of substrate, i.e. it is present from the outset for the 
immobilised surface but must be acquired (entrapped) in the case of the synthetic 
PS/PMMA demixed coatings. However, overall there were no significant differences 
observed between the 25PS75PMMA and 25PS75PMMA_750 surfaces such that the 
changes to the topography induced by the inclusion of the microspheres in the spin 
coating solutions did not seem to influence platelet kinetic behaviour as determined in 
the same manner as that currently employed in the DPFA device.  
The next stage of substrate development focused on manipulation of the 
topography by spin coating the 25PS75PMMA blend with and without +750 
microspheres/ml in air under ambient pressure rather than under the positive pressure 
nitrogen (purge) used previously. The majority of previously reported studies for spin 
coating of polymer demixed solutions have been carried out in the presence of a 
positive pressure of nitrogen. However, other evidence from the literature suggests 
that removal of this nitrogen purge to conduct the same fabrication process in air under 
ambient conditions influences the attendant topography. Hence, both the 
25PS75PMMA and 25PS75PMMA_750 solutions were spin coated onto glass slides 
under these alternative conditions. It should be noted that the spin coating parameters 
used were not identical in both cases as the ambient air conditions could not be attained 
on the original equipment and required a separate device. Physical characterisation of 
the surfaces produced, using AFM, revealed a significant change from that seen for 
the nitrogen purge spun surfaces. The features created in 25PS75PMMA_air thin films 
comprised from nanopits of depth -100 nm to nanoislands 70 nm in height and FWHM 
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ranging between 500 nm-1 µm. 25PS75PMMA_750_air substrates also demonstrated 
features of ±140 nm in height and FWHM <1 µm, as such they are “sharper” than 
those formed under nitrogen purge conditions.  As before, XPS analysis showed that 
the chemistry of the uppermost surface of these polymer layers spin coated in air is 
solely that of PMMA.  
Platelet response to air-spun substrates was assessed within the RCSI-DPFA 
system and exhibited a positive response for both 25PS75PMMA_air and 
25PS75PMMA_750_air surfaces. Although differences in the physical and chemical 
properties of the substrates were moderate, the average platelet coverage was shown 
to change considerably (40.20 ± 13.30% for 25PS75PMMA_750_air compared with 
17.30 ± 6.80% for 25PS75PMMA_air). Application of the RSCI autologous platelet 
algorithm revealed that the dynamic parameters determined for the platelets were not 
significantly different between air-spun and nitrogen purge spun surfaces. This 
suggests that whereas the platelet coverage at the point of analysis changes this is not 
influenced by the preceding kinetics of their interactions with the surfaces and that the 
values measured are not influenced by changes in surface topography. However, the 
dynamic characterisation of the platelets from the same donor blood showed 
significant differences between the entrapped autologous vWF and endogenous 
immobilised vWF substrate.  
Notwithstanding some variation within the n=5 DPFA runs and the associated 
kinetic parameter measurements, the 25PS75PMMA_750_air substrate proved 
capable of providing for enhanced platelet surface coverage. As such, it was further 
tested for its ability to evoke a platelet response from multiple blood groups as the 
basis of a clinical diagnostic test. Platelet function for a cohort of six healthy donors; 
all female, aged between 24 – 50 years old, with varying blood types, was investigated. 
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All blood types showed a positive platelet response with the 25PS75PMMA_750_air 
surface, although some variation was still present within the various sample sets. 
Interestingly, blood type AB donors displayed higher levels of platelet coverage 
(43.60 ± 20.70%) than any of the other blood groups. Unfortunately, it was not 
possible to use the RSCI DPFA algorithm analysis on these datasets due to a slight 
variation that was made during acquisition.  
The final body of work undertaken here addressed fabrication of a highly 
reproducible nanotopography, with features similar to that formed on spin coated films 
that can entrap vWF in a manner that provides for subsequent platelet activity thereon. 
In this way, the random nature of spin coating as a variable for surface coverage 
deviation can be eliminated. Hot embossing of PMMA was used to produce 50 nm 
nanoislands in channels that align with the flow ports in the DPFA sensor. AFM 
characterisation of the resulting surfaces has shown that a high degree of accuracy can 
be attained, particularly with regard to feature spacing. Moreover, the nickel coated 
stamp template produced for this work was shown to be robust enough to withstand 
multiple sample fabrication. XPS analysis revealed that the PMMA sheets used for 
embossing were of a different quality to the PMMA (particles) used for spin coating. 
Unfortunately, it was not possible to measure platelet activity on these PMMA films, 
However, there is no reason to believe that they are not capable of doing so but this 
will require a redesign of the RCSI DPFA device which was outside the scope of the 
work undertaken here.  
In summary, the core objectives of the thesis have been achieved as follows: 
1. Successful refinement of topography by the introduction of microspheres and 
change of pressure conditions. 
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Addition of 50 µm microspheres to a 25PS75PMMA polymer demixed solution in 
chloroform changes the distribution of the PS particles within the PMMA matrix after 
spin coating. Platelet coverage increased on this surface as a result of the refinement 
in the attendant nanotopography. Air-spun coatings created topographies which 
increased the level of platelet adhesion further when compared to those created in a 
nitrogen purge. 
2. Assessment of platelet dynamics using a novel autologous platelet algorithm. 
This work went beyond the standard visual analysis of platelet coverage assessment 
to consider the kinetic behaviour of platelets with the same patient’s vWF using a 
novel data analysis algorithm. Modification of an approach developed for the 
endogenous immobilised vWF sensor substrate has provided a means to better assess 
platelet kinetic behaviour on the surface topographies created on the synthetic 
autologous vWF surfaces. The dynamic interaction of platelets was found not to 
change significantly between samples fabricated under nitrogen purge and ambient air 
spin coating conditions for either the original or, microsphere-augmented substrates. 
Importantly, all the immobilised vWF substrates showed platelet activity thereon 
indicating that not only are they capable of entrapment of vWF but that the 
conformation of the adhered protein provides for its uncoiling to make available 
platelet binding sites. Moreover, the kinetic behaviour of the platelets in contact with 
the entrap and uncoiled vWF is responsive to changes in surface topography while 
remaining physiologically relevant.  
3. Haematological analysis with a cohort of multiple ABO subjects. 
In this work a polymer demixed surface augmented with PS microspheres has been 
investigated for the first time in regard to testing platelet activity within a group of 
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donors with varied blood type (ABO). Overall, the polymer demixed spin coated 
surfaces show a positive response for all blood groups. Apparent differences between 
blood group type are suggested in respect to platelet adhesion but limited to very small 
patient numbers.   
4. Production of highly reproducible features via hot embossing. 
Hot embossing of PMMA produced highly defined and repeatable nanoscale 
topographical features of the same dimensions as those produced by spin coating from 
the 25PS75PMMA solutions in chloroform. Preliminary analysis of the response of 
flowing blood on this surface proved positive but requires adjustments to the DPFA 
apparatus that were not possible to make at this time. However, this research gives 
reason to believe that, with the correct apparatus, these surfaces could facilitate a 
repeatable platelet interaction.   
Overall, the outputs from this research provide new information that 
significantly enhances understanding of the surface features that can measure platelet 
interactions with vWF from a single patient blood sample. In this way, refinement of 
the DPFA with a surface that facilitates quantitative assessment of platelet adhesion 
and evaluation of dynamic kinetic behaviour, which can be used to further improve 
the clinical diagnostic pathway for vWD, is closer. This work offers additional insight 
into the role that topography plays in vWF uncoiling that leads to platelet tethering 
and binding in a manner that leads to thrombus formation in a way that mimics the in 
vivo situation.  
In order to further advance the methodologies developed here, the limitations of the 
studies and how to overcome them needs to be considered: 
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▪ With respect to the dynamic evaluation method, modifications were made to a 
previously published algorithm, but this was after the datasets from the DPFA 
were collected. Some of the image stacks were prescribed in a different way 
from the inputs required for the dynamic algorithm and so limited the value of 
the analysis overall; 
▪ There was a major limitation in applying the DPFA methodology to embossed 
PMMA substrates. Thickness was the main concern here and so limited any 
accurate, biological assessment of the surfaces. As it was not possible to re-
configure the system to better accommodate these polymer substrates this is a 
limitation of note, and  
▪ There was a lack of “unhealthy” vWD-diagnosed donor blood available for the 
DPFA studies and so it was not possible to compare the vWF entrapment for 
blood from these patients to that for the healthy donors and so a threshold to 
determine healthy levels of platelet adhesion was achieved as opposed to 
unhealthy limits for the  assessment of the technique for vWD diagnosis.  
 
 Recommendations for future study 
The results presented within this thesis have successfully answered key aspects of the 
research questions addressed. However, in order to develop this area further, the 
following aspects should be explored in future work;  
1. Although it has been possible to show that the topography created by 
augmentation of 25PS75PMMA spin coating solutions is capable of enhanced 
vWF entrapment, as indicated by higher surface coverage values, data from a 
larger sample set is required to better understand the relationships involved. 
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2. Further refinement is needed of the algorithm for analysis of platelet kinetics 
for use with polymer demixed surfaces capable of autologous vWF 
entrapment. It is believed that with a pre-determined dataset, further evaluation 
of the efficacy and refinement of the software could be completed to aid more 
accurate results and in particular, address variation in the Ntracks values.  
3. Work carried out to create relevant topography via hot embossing of PMMA 
proved that the nickel coated stamp was a significant improvement on that used 
in previous studies. However, as surface chemistry is known to be a 
contributing factor to cell/protein interactions, the differences between that of 
post embossing and the PS/PMMA spin coating, requires additional 
consideration. Moreover, as the thickness of the PMMA sheet needed for 
embossing makes it difficult to fit into the current DPFA device, a new 
configuration needs to be developed to allow this to be part of a platelet 
function assay. 
4. In the case of all assay substrates, an increased pool of donor blood from 
defined types is essential to gain a better insight on the robustness of the new 
synthetic surfaces as a sensor for the diagnosis of vWD and associated diseases 
that effect vWF/platelet interactions. Increasing the cohort in a wider study, 
encompassing different blood groups and genders, will facilitate a truer 
representation of platelet adhesion characteristics associated with healthy and 
unhealthy blood samples on these polymer topographies. This is crucial to 
further develop the utility and applicability of this new sensor surface, so as to 
further improve on current vWF/platelet function tests. 
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